THE 


INSTITUTE  OF  CHEMISTRY 

OF  * 

GREAT  BRITAIN  AND  IRELAND 

FOUNDED  1877.  INCORPORATED  BY  ROYAL  CHARTER,  1885. 


THREE  LECTURES 

EMBODYING 

“ A Survey  of  Modern  Inorganic 

Chemistry” 

BY 

GILBERT  THOMAS  MORGAN,  O.B.E.,  D.Sc.,  F.R.S. 


30,  RUSSELL  SQUARE,  LONDON,  W.C.l. 

1933. 


22900265586 


Med 

K1335 


THE 


.TUTE  OF  CHEMISTRY 

OF 

GREAT  BRITAIN  AND  IRELAND. 

FOUNDED  1877. 

INCORPORATED  BY  ROYAL  CHARTER,  1885. 


THREE  LECTURES 

EMBODYING 

“ A Survey  of  Modern  Inorganic 

Chemistry  ” 

BY 

GILBERT  THOMAS  MORGAN,  O.B.E.,  D.Sc.,  F.R.S. 


30,  RUSSELL  SQUARE  LONDON,  W.C.l 
1933 


These  Lectures  were  delivered  before  the  Institute  of  Chemistry  on 
gth,  15 ///  and  19 th  May,  1933 — Professor  Jocelyn  F.  Thorpe, 
C.B.E.,  D.Sc.,  F.R.S.,  President,  in  the  Chair  on  each  occasion. 


A collection  of  exhibits,  which  had  been  specially  brought  together 
in  connection  with  these  lectures,  was  on  view  in  the  laboratories 
of  the  Institute  during  the  course. 

✓t°\ 

\\J 


VriELLCC  ;•  STITUTE 

UP  * Y 

Coll 

we'^Omec 

Cull 

No. 

fy.'O  — 

A SURVEY  OF 

MODERN  INORGANIC  CHEMISTRY 

By  Gilbert  T.  Morgan 

For  the  purpose  of  these  three  lectures,  which  are  of  a recapitu- 
latory character,  I propose  to  regard  the  scope  of  inorganic 
chemistry  as  a study  of  the  chemical  elements,  other  than  carbon, 
including  within  this  purview  a typical  selection  of  the  diverse 
combinations  assumed  by  many  of  these  elements.  In  making 
a judicious  selection  of  recent  additions  to  materia  chemica  it 
is  undesirable  to  exclude  entirely  all  references  to  carbon  deriva- 
tives, for  such  organic  components  frequently  throw  considerable 
light  on  the  nature  and  constitution  of  complex  inorganic 
materials. 

The  Chemical  Elements 

The  modern  use  of  the  term  chemical  element  probably  dates 
from  the  time  of  Sir  Robert  Boyle  (about  1660),  for  he  and  his 
co-workers  had  recognised  that  a constituent  of  air  takes  part 
in  combustion,  and  forty  years  earlier  Jean  Rey  had  observed 
that  air  increased  the  weights  of  metals  during  their  conversion 
into  calces  or  oxides.  Further  advance  in  the  definition  of 
chemical  elements  was  made  by  Black,  Cavendish,  Priestley, 
and  Scheele  among  the  eighteenth-century  founders  of  modern 
chemistry,  and  notably  by  their  contemporary,  Lavoisier,  who, 
by  systematic  use  of  the  balance,  provided  a general  criterion 
for  distinguishing  between  elements  and  compounds.  In  1789 
Lavoisier  published  his  list  of  "simple  substances,”  which 
included  heat  and  light,  and  to  which  he  added  the  alkaline  earths 
with  the  conjecture  that  these  substances  might  be  metallic 
oxides.  His  exclusion  of  soda  and  potash  was  justified  in  1807 
by  Sir  Humphrey  Davy’s  isolation  of  potassium  and  sodium. 
This  investigator  also  obtained  metallic  calcium,  strontium  and 
barium,  and  in  1810  demonstrated  the  elementary  nature  of 
chlorine  previously  discovered  by  Scheele. 

Little  by  little  the  list  of  simple  substances  has  grown  until 
at  present  some  ninety  elementary  bodies  are  recognised.  A dozen 
of  these  elements  account  for  93  per  cent,  of  terrestrial  matter, 
the  remainder  are  comparatively  rare.  Some  thirty  are  found 
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on  earth  in  the  free  state,  the  remainder  occur  only  in  combina- 
tion. Under  atmospheric  conditions  two  are  liquid,  eleven  are 
gaseous  and  the  remainder  are  solid  with  a range  of  melting 
points  extending  from  28°  to  approximately  3000°  C.  About 
two-thirds  of  the  terrestrial  elements  have  been  recognised 
spectroscopically  in  the  sun’s  atmosphere.  Some  thirty-four 
of  these  elementary  bodies  have  been  identified  in  meteorites, 
but  up  to  the  present  these  visitors  from  outer  space  have  never 
brought  us  any  new  elements.  Moreover,  spectroscopic  ex- 
amination of  the  stars  has  not  revealed  any  indications  of 
elements  still  unrecognised  terrestrially. 

This  absence  of  novelty  in  the  chemical  composition  of 
celestial  bodies  is  a fact  of  cosmical  significance,  for  it  suggests 
a uniformity  of  plan  in  regard  to  the  ultimate  structure  of  the 
material  universe. 

Classification  of  Chemical  Elements 

Many  have  been  the  attempts  to  classify  chemical  elements. 
Dobereiner’s  “law  of  triads,”  J.  A.  R.  Newlands’  “law  of 
octaves,”  and  the  telluric  screw  of  de  Chancourtois  were  early 
steps  in  this  direction  until  a more  comprehensive  grouping  was 
made  known  by  Mendeleef  in  1869,  and  published  (1871)  in  the 
form  of  a periodic  table,  which  has  in  principle  been  retained 
to  the  present  day.  In  tabulating  his  scheme,  Mendeleef  was 
guided  largely  by  considerations  based  on  chemical  properties, 
whereas  Lothar  Meyer,  who  in  1869  had  published  similar  views, 
based  his  conclusions  mainly  on  physical  properties,  'these 
two  philosophers  may  be  regarded  as  having  discovered  inde- 
pendently a wide-reaching  generalisation  in  regard  to  the  periodic 
variation  of  physical  and  chemical  properties  of  the  elements 
with  their  atomic  weights. 

Mendeleef ’s  scheme  of  periodic  classification  had  the  following 
merits: — 

(1)  By  indicating  the  periodic  ebb  and  How  of  chemical 
valency  it  enabled  doubtful  valencies  to  be  corrected  or  confirmed, 
as  in  the  cases  of  beryllium,  indium  and  uranium. 

(2)  In  certain  instances  it  corrected  doubtful  chemical 
equivalents  by  restoring  elements  to  their  rightful  families. 
Gold  was  then  placed  after  osmium,  iridium  and  platinum. 

(3)  The  prediction  of  missing  elements;  an  anticipation 
which  was  fulfilled  in  a remarkable  manner  in  the  cases  of 
scandium,  gallium  and  germanium. 


Originally  Mendeleef’s  classification  exhibited  certain  short- 
comings. It  afforded  no  definite  guidance  in  regard  to  the 
possible  number  of  elements  in  the  rare  earth  series.  Moreover, 
it  presented  the  two  following  anomalies:  (i)  cobalt  of  atomic 
weight  58-97  was  placed  next  to  iron  and  before  nickel  with 
atomic  weight  58-69;  (2)  tellurium  (atomic  weight  127-5)  when 
placed  in  its  proper  natural  family  preceded  iodine  with  atomic 
weight  126-93. 

A third  discrepancy  appeared  on  the  discovery  of  argon  with 
atomic  weight  of  39-88,  which  obviously  should  precede  potas- 
sium of  a lower  atomic  weight  of  39-10. 

With  the  advance  of  chemical  knowledge  these  obscurities 
and  apparent  discrepancies  have  been  completely  elucidated. 

Structure  of  the  Atom 

By  passing  electric  discharges  through  highly-rarified  gases 
Sir  William  Crookes  in  1879  discovered  the  so-called  “fourth 
state  of  matter”  (radiant  matter),  which  was  characterised  by 
an  emission  of  cathode  rays.  Of  these  emanations  their  dis- 
coverer said:  “ In  studying  this  state  of  matter  we  seem  to  have 
at  last  in  our  grasp  and  obedient  to  our  control  little  indivisible 
particles  which  with  good  warrant  are  supposed  to  constitute 
the  physical  basis  of  the  universe.” 

This  view  was  confirmed  by  the  experiments  of  Sir  Joseph 
Thomson  in  1897,  and  at  about  the  same  time  by  Lenard  in 
Germany.  Their  observations  laid  the  foundation  of  our  present 
conceptions  of  the  electrical  constitution  of  matter.  In  1894, 
G.  Johnston  Stoney  had  given  the  name  “electrine,”  afterwards 
changed  to’ “ electron,”  to  the  elementary  electrical  charge,  that 
is  the  charge  carried  by  a hydrogen  ion  in  electrolysis.  Thomson’s 
work  showed  that  the  cathode  ray  particle  carried  the  same 
negative  electrical  charge,  and  the  name  electron  was  bestowed 
on  this  particle,  the  mass  of  which  was  found  to  be  only  i/i845th 
of  the  mass  of  a hydrogen  atom,  that  is  0-00054  on  the  ordinary 
scale  of  atomic  weights  (O  = 16). 

Electron  and  Proton.  Following  on  the  identification  of  the 
cathode  ray  particle  as  the  unit  of  negative  electricity,  to  which 
the  name  of  electron  had  appropriately  been  given,  a search 
was  made  for  the  unit  of  positive  electricity.  In  suitable 
discharge  tubes,  hydrogen  yields  positive  rays  emanating  from 
the  anode  and  consisting  of  hydrogen  atoms  which  have  lost 
their  electrons.  These  positive  rays  from  hydrogen  have  the 


characteristic  property  of  never  acquiring  more  than  one  positive 
charge,  whereas  the  positive  rays  of  other  elements  often  include 
doubly  and  trebly  charged  atoms.  Accordingly  the  hydrogen 
nucleus  is  regarded  as  the  actual  unit  of  positive  electricity. 
It  has  the  same  charge  as  the  electron,  but  of  opposite  sign. 
This  unit,  which  has  a mass  of  approximately  1-007  (°16 ~ 16), 
is  termed  the  proton. 

Chemical  atoms  are  composed  of  positive  units  of  electricity 
(protons)  and  of  an  equal  number  of  negative  units  (electrons). 
The  charge  on  any  one  of  such  units  is  dr  4-77  x io~10  electro- 
static units.  An  accurate  estimate  was  obtained  by  Millikan, 
who,  during  the  period  1906-16,  made  his  famous  oil  drop 
experiments,  and  showed  that  the  charges  carried  by  drops  were 
always  exact  multiples  of  this  atomic  charge. 

Atomic  Numbers 

In  1913  H.  G.  J.  Moseley  measured  the  wave-lengths  of  X-rays 
given  off  by  various  elements  when  employed  as  targets  (anti- 
cathodes) in  a bombardment  with  cathode  rays,  using  a potassium 
ferrocyanide  crystal  as  a diffraction  grating.  The  X-ray  spectra 
of  the  elements,  which  were  registered  photographically,  were 
found  to  be  much  simpler  than  their  optical  spectra  and  con- 
sisted of  two  to  four  lines  in  each  series.  Moseley  showed  that 
the  wave-lengths  of  the  radiations  were  characteristic  of  the 
element  or  elements  composing  the  target,  so  that  if  the  square 
root  of  the  frequency  of  the  hardest  ray  (that  of  the  shortest 
wave-length)  was  plotted  against  a value  for  each  element 
called  the  atomic  number  the  result  was  a straight  line, 
v (frequency)  = a(N  b)2. 

N is  the  atomic  number  and  a and  b are  constants. 

This  relation  held  for  all  the  elements  examined  from 
aluminium — the  13th  element  to  gold — the  79th  except  in 
those  three  cases  where  the  order  of  atomic  weight  was  already 
known  to  disagree  with  the  periodic  arrangement  of  six  elements 
in  their  respective  natural  families.  In  these  three  cases 
Moseley’s  study  of  X-ray  spectra  placed  the  elements  argon, 
cobalt  and  tellurium  in  their  correct  sequence  as  argon  before 
potassium,  cobalt  before  nickel,  and  tellurium  preceding  iodine. 

In  Moseley’s  own  words  these  results  show  that:  “There 
is  in  the  atom  a fundamental  property  which  increases  by 
regular  steps  as  we  pass  from  one  atom  to  the  next.  This 
quantity  can  only  be  the  charge  on  the  central  positive  nucleus.” 
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The  protons  are  concentrated  in  the  nucleus  which  also 
contains  a portion  of  the  electrons,  the  remaining  electrons  being 
extra-nuclear  or  planetary.  An  element  of  atomic  weight  W 
and  atomic  number  N will  include  a nucleus  consisting  of 
W protons  and  (W  — N)  electrons  surrounded  by  N planetary 
electrons. 

Accordingly  the  atomic  number  represents  (i)  the  ordinal 
number  of  the  element,  (2)  the  positive  electrical  charge  on  the 
nucleus,  (3)  the  number  of  planetary  electrons  surrounding  the 
nucleus.  When  applied  to  the  Periodic  Classification,  Moseley’s 
principle  renders  this  generalisation  more  consistent  and  precise 
in  the  following  respects : — 

(1)  It  gives  the  underlying  reason  for  the  correct  position 
of  argon,  cobalt  and  tellurium. 

(2)  It  prescribes  the  exact  number,  namely  fifteen,  of  the 
rare  earth  metals  from  lanthanum  to  lutecium  inclusive. 

(3)  It  indicates  the  total  number  of  missing  elements 
between  hydrogen  (At.  No.  1)  and  uranium  (At.  No.  92)  and 
gives  their  atomic  numbers  as  43,  61,  72,  75,  85,  and  87. 

Four  of  these  missing  elements  have  since  been  discovered: 
masurium  (43)  and  rhenium  (75)  in  1925,  hafnium  (72)  in  1923, 
and  illinium  (61)  in  1926.  Recently  Papish  and  Wainer  have 
obtained  indications  of  eka-caesium  (87),  but  the  supposed 
element  has  not  yet  received  an  official  name. 

Finally,  Moseley’s  investigation  has  revealed  the  natural  law 
underlying  the  periodic  classification  of  the  chemical  elements. 

The  Periodic  Law  may  be  thus  enunciated: — The  physical 
and  chemical  properties  of  the  elements  are  periodic  functions 
of  their  atomic  numbers. 

Radio  Elements 

In  1896  H.  Becquerel  discovered  that  fluorescent  potassium 
uranyl  sulphate  and  other  compounds  of  uranium  emitted  an 
active  emanation  which  affected  a photographic  plate  and  ionised 
gases  in  a similar  manner  to  X-rays.  This  emanation  was 
characteristic  of  uranium  and  quite  independent  of  the  particular 
mode  of  combination  of  the  element.  It  was  an  atomic  property 
rather  than  a molecular  one. 

In  1898  Schmidt  and  Mme.  Curie  found  that  compounds  of 
thorium  also  had  radioactive  powers.  The  latter  investigator 
examined  several  uranium  minerals,  and  found  that  in  certain 
cases  an  enhanced  radioactivity  remained  even  after  removing 
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uranium.  A ton  of  pitchblende  residues  from  Joachimsthal 
in  Austria  was  placed  at  her  disposal,  and  this  material,  from 
which  uranium  had  already  been  removed,  yielded,  after  syste- 
matic treatment,  two  new  very  radioactive  elements,  one  which 
separated  with  bismuth  was  called  "polonium”  after  Mme. 
Curie’s  native  land,  and  the  other  which  was  co-precipitated 
with  barium  was  termed  "radium.”  The  final  separation  from 
barium  of  this  new  element,  radium,  was  effected  by  fractional 
crystallisation  of  the  hydrated  chloride  kaCl2,  2H20.  Subse- 
quently Giesel  employed  the  bromides  when  eight  crystallisations 
sufficed  to  separate  radium  bromide  from  the  barium  salt.  In 
i goo  Debierne  and  Giesel  obtained  another  new  radioactive 
element  “actinium.” 

Detailed  study  of  radio-elements  revealed  three  types  of 
radiations : — a-,  /3-  and  y-rays.  The  first  two  were  particulate 
and  deflected  by  magnetic  and  electric  fields;  the  last  were  not 
so  deflected. 

Lord  Rutherford  investigated  the  nature  of  the  a-particle, 
and  found  that  its  electric  charge  was  equal  to  twice  that  of  the 
proton  or  hydrion.  Its  mass  was  about  four  times  that  of  the 
hydrogen  atom.  It  is  now  known  that  this  a-particle  is  a 
helium  atom  deprived  of  two  electrons  and  therefore  carrying 
two  unit  positive  charges.  In  1903  Ramsay  and  Soddy  proved 
that  the  emanation  from  radium  disintegrates  with  formation  of 
helium  and  in  1909  Rutherford  and  Roj'ds  demonstrated 
spectroscopically  the  identity  of  the  a-particle  and  the  positively 
charged  helium  atom. 

The  /3-particles  were  shown  to  be  electrons  expelled  at  high 
speeds  approaching  the  velocity  of  light.  The  y-rays  were  of  a 
similar  nature  to  light  rays  or  X-rays,  but  of  very  short  wave- 
length and  high  penetrative  power. 

Further  study  of  radio-elements  by  Rutherford  and  Soddy 
led  to  their  disintegration  theory  which  explained  the  phenomena 
of  radioactivity  by  assuming  that  atoms  of  radio-elements 
undergo  disintegration,  expelling  part  of  their  structure  as  a- 
and  /3-particles,  and  leaving  a residual  atom  of  another  element. 
The  rate  of  this  atomic  disintegration,  which  is  independent  of 
temperature  and  of  any  other  known  physical  or  chemical 
agency,  is  generally  expressed  as  the  half-life  period,  that  is  the 
time  required  for  the  activity  of  a radio-element  to  be  reduced 
to  one-half  of  its  original  value.  Another  convenient  expression 
sometimes  employed  is  the  period  of  average  life,  that  is  the  sum 
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of  the  actual  life-periods  of  all  the  atoms  divided  by  their  number. 
The  period  of  average  life  of  radium  is  probably  2300  years, 
which  means  that  radium  is  changing  at  the  rate  of  i/23ooth 
part  per  annum. 

Radioactive  Isotopes 

In  1913  A.  S.  Russell,  Fajans  and  Soddy  noted  independently 
the  effect  of  the  emission  of  a-  and  /3-particles  on  the  nature  of 
the  residual  atom  and  the  last-named  investigator  propounded 
the  Law  of  Radioactive  Displacement,  which  stated  that  on  the 
expulsion  of  a doubly-charged  helium  atom  or  a-particle  a radio- 
element changes  into  an  element  two  places  preceding  the  parent 
in  the  Periodic  Table,  whereas  on  expulsion  of  a /3-particle  or 
electron  a radio-element  transforms  itself  into  an  element  one 
place  after  the  parent  in  the  Periodic  Table.  An  example  will 
serve  to  show  the  operation  of  this  principle. 

Quadrivalent  thorium  of  Periodic  Group  IV  and  At.  weight 
232,  on  losing  an  a-particle,  changes  into  bivalent  mesothorium  1 
(Group  II,  At.  weight  228),  which  then  loses  successively  two 
electrons,  and  changes  respectively  without  loss  of  weight  into 
trivalent  mesothorium  2 (Group  III,  At.  weight  228)  and 
quadrivalent  radiothorium  (Group  IV,  At.  weight  228).  The 
valency  change  produced  by  the  expulsion  of  an  a-particle  has 
now  been  entirely  reversed.  Radiothorium  is  chemically  indis- 
tinguishable from  the  original  thorium.  Such  groups  of  elements 
which  may  have  the  same  or  different  atomic  weights  are  called 
isotopes  because,  having  the  same  atomic  number,  they  occupy 
the  same  place  in  the  periodic  arrangement  of  the  elements. 

The  foregoing  series  of  disintegration  products  of  thorium 
illustrates  another  relationship.  Mesothorium  1,  mesothorium  2 
and  radiothorium  are  chemically  quite  dissimilar,  but  they  have 
the  same  atomic  weight  228,  and  such  sets  of  elements  are 
termed  isobars. 

Table  I shows  the  three  disintegration  series  derived  respec- 
tively from  uranium,  thorium  and  actinium  based  on  a tabulation 
by  Lord  Rutherford.*  The  uranium  and  thorium  series  are 
regarded  as  independent  sources  of  radio-elements;  the  actinium 
series  is  considered  to  be  derived  from  uranium  through  uranium 
Y to  protoactinium.  In  each  case  after  a certain  number  of 
changes,  gaseous  elements  are  reached  of  zero  valency,  and 
therefore  resembling  the  inert  gases  of  the  helium-xenon  family. 

These  three  gaseous  emanations  are  termed  radon,  thoron 
* j Encyclopedia  Britannica,  14th  Edition,  Vol.  XVIII,  pp.  890-891. 
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and  actinon.  Radon,  or,  or  as  it  was  formerly  called  niton,  lias 
been  closely  examined  in  spite  of  the  small  amounts  generally 
available.  Under  atmospheric  pressure  its  boiling-point  was 
found  by  Rutherford  to  be  —67°  C.,  while  Whytlaw  Gray  and 
Ramsay  found  — 710  C.  The  latter  investigators  in  1911  also 
determined  its  density  as  111-5,  which  from  the  position  of  radon 
in  the  periodic  arrangement  gave  its  atomic  weight  as  223. 
The  value  for  its  atomic  weight  derived  from  the  disintegration 
series  should  be  222. 

Weight  for  weight,  radon  (radium  emanation)  is  100,000 
times  more  active  than  radium,  and  on  this  account  it  has  been 
of  great  service  not  only  in  radioactive  research  but  also  in 
therapeutics. 

In  each  of  the  three  series  the  end-point  in  the  disintegration 
appears  to  be  lead,  which  should  have  an  atomic  weight  of  206 
when  derived  from  uranium  and  actinium  and  208  when  derived 
from  thorium. 

Table  II  gives  the  principal  radioactive  isotopes  arranged 
in  periodic  order.  In  three  instances  they  are  isotopic  with  the 
non-radioactive  elements  thallium,  lead  and  bismuth.  As  will 
be  seen  later,  thallium  has  two  and  lead  has  eight  non-radioactive 
isotopes. 

In  surveying  this  table  it  will  be  noticed  that  there  are  several 
pairs  of  isotopes  which  have  the  same  atomic  weights.  These 
isobaric  isotopes  belong  to  different  disintegration  series.  Time 
does  not  permit  to  refer  further  to  the  branching  series  which 
occur  at  radium  C.,  thorium  C and  actinium  C respectively  giving 
rise  to  radium  C and  C"  in  the  first  case  and  to  corresponding 
pairs  in  the  other  two.  It  is  now  sufficient  to  note  that  there 
are  about  40  of  these  radio  elements,  some  of  which  are  long-lived 
like  radium,  thorium  and  ionium,  whereas  others  are  phantom 
elements  (e.g.  Actinium  A)  succeeding  each  other  in  quick 
succession  until  the  end-point  is  reached  in  non-radioactive  lead. 

N on-radioactive  Isotopes 

A study  of  electric  discharges  through  rarefied  gases  by 
Goldstein  in  1886  revealed  the  existence  of  emanations 
(“  Kanalstrahlen  ”)  travelling  in  the  opposite  direction  to  cathode 
rays,  and  passing  through  perforations  in  the  cathode  itself. 
Wien  showed  that  these  rays  could  be  deflected  by  a magnetic 
field,  and  Sir  Joseph  Thomson,  who  examined  them  fully,  termed 
them  positive  rays.  His  researches  indicated  that  when  a gas 
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Italicised  elements  are  non-rad  inactive. 


13 


under  low  pressure  is  ionised  in  a strong  electric  field,  one  electron 
may,  in  the  simplest  case,  become  detached  from  a neutral  atom, 
whereupon  the  resulting  fragments,  electron  and  positive  ray, 
each  carrying  equal  charges  of  electricity,  but  of  opposite  sign, 
proceed  in  opposite  directions.  This  positive  ray  contains 
practically  the  whole  mass  of  the  gaseous  atom,  and  in  a strong 
electric  field  and  under  low  pressure  it  attains  a high  speed. 
It  is  detectable  alter  passing  through  the  perforated  cathode 
either  visually  by  means  of  a willemite  (zinc  silicate)  screen,  or 
preferably  on  a photographic  plate.  Such  rays  are  then  sorted 
out  by  means  of  a mass  spectrograph. 

The  fundamental  principle  on  which  this  sorting  of  positive 
rays  is  based  is  best  explained  byrefcrence  to  Sir  Joseph  Thomson’s 
parabolic  method  of  analysis.* 

In  the  apparatus  shown  on  Fig.  i the  positive  rays  are 
deflected  in  the  plane  of  the  page  by  the  electrical  field,  and  at 
right  angles  to  this  plane  by  the  magnetic  field. 
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Particles  having  tlie  same  electric  charge  (e)  and  the  same 
mass  (m)  will  be  deflected  on  the  same  parabola  whatever  be 
their  velocity,  but  if  the  mass  varies,  then  other  parabolas  will 
be  traced  out.  In  this  way  isotopes  of  the  same  element  can 
be  detected. 

The  mass  spectrograph  designed  by  Aston  has  been  rendered 
increasingly  accurate.  An  earlier  model  had  a resolving  power 
of  i in  130,  and  an  accuracy  of  about  1 in  1000.  More  than 
fifty  elements  were  examined  and  the  whole  number  rule  well 
established.  A later  type  of  instrument  had  an  accuracy  of 
1 in  10,000,  and  was  used  to  measure  very  small  divergencies 
from  the  whole  number  rule.  (Tables  III  and  IV.) 

Hydrogen  Isotope  H2. 

In  surveying  this  recent  table  of  isotopes  the  most  striking 
development  is  the  discovery  of  an  isotope  of  hydrogen  having 
an  atomic  weight  of  2-01351  T:  o- 00018  (O16  = 16).  Urey, 
Brickwedde  and  Murphy  evaporated  a considerable  quantity 
of  liquid  hydrogen  and  examined  the  final  fractions,  finding 
indications  of  a heavier  isotopic  variety.  The  enriched  fraction 
was  examined  in  the  mass  spectrograph  by  Bleakney,  who 
confirmed  the  existence  of  the  new  isotope  H2  which  is  present 
in  hydrogen  to  the  extent  of  about  1 part  in  33,000.  Further 
evidence  for  the  new  isotope  was  obtained  by  Bainbridge,  who 
examined  both  ordinary  hydrogen  and  hydrogen  fractionated 
by  Brickwedde  and  compared  the  enriched  hydrogen  ion  with 
helium  and  oxygen.  Hardy,  Barker  and  Denison  have  examined 
infra-red  absorption  spectra  of  hydrogen  chloride  in  enriched 
specimens  from  electrolytic  cell  residues.  These  spectra  showed 
hard  lines  corresponding  with  H2C135  and  H2C137,  indicating  that 
H2C1  is  present  to  the  extent  of  about  1/35,000  in  ordinary 
hydrogen  chloride.  The  atomic  mass  of  H2  was  calculated  to  be 
2-01367  dz  o-oooi,  which  agrees  closely  with  the  foregoing  value. 

On  electrolysis,  water  derived  from  II1  is  decomposed  more 
readily  than  that  containing  H2,  so  that  the  residual  water  of 
electrolytic  cells  after  being  in  operation  for  a few  years  has  a 
higher  content  of  heavy  water.  G.  N.  Lewis  (1933)  has  con_ 
centrated  water  derived  from  the  heavy  isotope  of  hydrogen 
until  he  has  reached  a specific  gravity  of  1-035  and  even  higher, 
which  indicates  that  more  than  a third  of  this  water  is  derived 
from  hydrogen  of  mass  2.  1 lie  refractive  index  of  this  heavy 
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Element. 

Atomic 

Number. 

Atomic 

Weight. 

Masses  of  Isotopes. 

Hydrogen 

I 

1 -0078 

1 -008,  2-01351 

Helium  .. 

2 

4*002 

4 

Lithium  .. 

3 

6-940 

7.  6 

Beryllium 

-1 

9-02 

9,  8 

Boron 

5 

10-82 

11,  10 

Carbon 

6 

12*00 

12,  13 

Nitrogen 

7 

1 4 • 008 

'4-  '5 

Oxygen  . . 

8 

16 • 0000 

16,  18,  17 

Fluorine  . . 

9 

1 9 * OO 

19 

Neon 

IO 

20 ■ 1 83 

20,  22,  (21) 

Sodium  . . 

1 1 

22-997 

23 

Magnesium 

12 

24-32 

24,  25,  26 

Aluminium 

13 

26-97 

27 

Silicon 

14 

28  • 06 

28,  29,  (30) 

Phosphorus 

15 

31*02 

3i 

Sulphur  . . 

l6 

32-06 

32.  33-  34 

Chlorine 

17 

35-457 

35.  37.  39 

Argon 

iS 

39-944 

4°.  36 

Potassium 

19 

39-10 

39,  41 

Calcium  . . 

20 

40-07 

40,  (44) 

Scandium 

21 

45-io 

45 

Titanium 

22 

47-90 

48,  (50) 

Vanadium 

23 

5°  ‘ 95 

5i 

Chromium 

24 

52  *01 

52,  53,  50,  54 

Manganese 

25 

54-93 

55 

Iron 

26 

55-84 

56,  54 

Cobalt 

27 

58-94 

59 

Nickel 

28 

5s -69 

58,  60 

Copper 

29 

63-57 

63,  65 

Zinc 

30 

65-38 

64,  66,  68,  67,  65,  70,  69 

Gallium  . . 

31 

69-72 

69,  71 

Germanium 

32 

72  • 60 

74,  72,  70,  73,  75,  76,  7L  77 

Arsenic  . . 

33 

74-93 

75 

Selenium 

34 

79-2 

80,  78,  76,  82,  77,  74 

Bromine  . . 

35 

79-916 

79,  81 

Krypton  . . 

36 

82  • 9 

84,  86,  82,  83,  80,  78 

Rubidium 

37 

85 ' 44 

85,  87 

Strontium 

38 

87-63 

88,  86,  87 

Yttrium  . . 

39 

88  • 92 

89 

Zirconium 

40 

91*22 

90,  94,  92,  (96) 

Molybdenum 

42 

96-0 

98,  96,  95,  92,  94,  100,  97 

Ruthenium 

44 

101  • 7 

102,  101,  104,  100,  99,  96,  (98) 

Silver 

47 

107 • 880 

107,  109 

Cadmium 

48 

112*41 

1 14,  1x2,  110,  1 13,  111,  1 16 

Indium  . . 

49 

114-8 

1 15 

Tin 

50 

1x8-70 

120,  118,  116,  124,  119,  1 1 7,  122, 
(121),  112,  114,  115 

Antimony 

51 

121-76 

121,  123 

Tellurium 

52 

127-5 

128,  130,  126,  125,  124,  122,  123 

Iodine 

53 

126-932 

127 

Xenon 

54 

130-2 

129,  132,  131,  134,  136,  128,  130, 
126,  124 

Caesium  . . 

55 

132-81 

133 

Barium  . . 

5C> 

137-36 

138,  137,  136,  135 

Lanthanum 

57 

138-90 

139 

Cerium 

58 

140- 13 

I4O,  142 

Praseodymium  . . 

59 

140-92 

141 

Neodymium 

GO 

144-27 

142,  144,  146,  (145) 

Erbium  . . 

68 

1 67 ■ 64 

164,  (176) 

1 ungsten 

74 

184-0 

184,  186,  182,  183 

Rhenium . . 

75 

i 86 • 3 1 

185,  187 

Osmium  . . 

76 

190-8 

186,  187,  188,  189,  igo,  192 

Mercury  . . 

80 

200 ■ 6 1 

202,  200,  199,  198,  201.  204,  196 

Thallium . . 

81 

204 • 4 t 

2O5,  203 

Lead 

82 

207*22 

208,  206,  207,  209 

Bismuth  . . 

83 

209-00 

209 
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water  is  much  lower  than  that  of  ordinary  water.*  Lewis  believes 
that  this  isotope  will  be  so  different  from  common  hydrogen, 
that  it  will  be  regarded  almost  as  a new  element,  in  which  case 
the  organic  chemistry  of  compounds  containing  this  heavy 
isotopic  hydrogen  will  become  a fascinating  but  fearful  study. 

Elements  which  have  so  far  resisted  any  dissection  by 
positive  ray  analysis  arc  termed  simple  elements,  those  which 
have  revealed  isotopes  are  called  complex  elements.  Among 
the  latter  there  are  several  which  deserve  a passing  mention. 
In  1929  Giauque  and  Johnson  showed  by  analysis  of  optical 
absorption  bands  that  O17  and  O18  are  present  in  small  amounts 
1 in  3000  and  1 in  600  approximately,  but  nevertheless  these 
isotopes  have  been  confirmed  by  the  mass  spectrograph. 
Nitrogen  has  been  found  to  contain  a small  amount,  about 
0-3  per  cent,  of  N15.  Carbon  has  also  been  dissected  into  two 
isotopes  C12  and  C13,  the  former  amounting  to  99-75  per  cent., 
and  the  latter  to  0-25  per  cent,  of  the  total  (King  and  Birge,  1929). 

The  abundance  of  A40  (99  per  cent.)  with  only  1 per  cent,  of 
A 38  accounts  for  the  displacement  of  argon  in  the  order  of  atomic 
weights,  especially  as  in  the  case  of  potassium  the  plentiful 
isotope  (95  per  cent.)  is  Iv39,  whereas  K41  makes  up  the  remainder. 
Cobalt  is  a simple  element  with  atomic  weight  of  approximately 
59,  whereas  nickel  is  complex;  it  consists  of  67  per  cent,  of  Ni58 
and  33  per  cent,  of  Ni60.  The  higher  percentage  of  the  lighter 
isotope  makes  the  average  atomic  weight  (58-6)  of  nickel  smaller 
than  that  of  cobalt,  thus  causing  an  inversion  in  the  usual  order 
of  atomic  magnitudes. 

The  discrepancy  in  atomic  weights  between  the  simple 
element  iodine  with  atomic  weight  126-92  and  the  complex 
element  tellurium  is  explained  by  the  presence  in  the  latter  of 
about  33  per  cent,  of  each  of  the  heavier  isotopes  Te128  and  Te130, 
thus  giving  an  average  atomic  weight  of  127-58. 

At  the  present  time  tin  is  distinguished  by  having  the  largest 
number  (11)  of  isotopes. 

The  newly-discovered  element  rhenium  has  already  yielded 
two  isotopes,  and  thallium  has  also  been  shown  to  be  complex. 

Neon,  potassium  and  mercury  furnish  examples  of  isotopes 

* Recently,  Lewis  and  Macdonald  (June,  1 y33)  have  obtained  0-3  c.c. 
of  heavy  water,  H220,  which  does  not  contain  more  than  o-oi  per  cent,  of 
H'.  This  heavy  water  has  a freezing  point  + 3-8°,  boiling  point  101-42° 
and  a density  of  1-1056.  Moreover,  the  heat  of  vaporisation  is  259  cals.; 
mol.  greater  than  that  of  ordinary  water.  Heavy  water  has  a point  of 
maximum  density  at  xi-6°. 
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which  have  been  partially  separated  by  physical  means.  It  is 
noteworthy  that  the  heavier  isotope  KJI  possesses  the  radio- 
activity exhibited  by  potassium. 

The  remarkable  constancy  of  the  atomic  weight  of  complex 
elements  indicates  that  the  proportions  of  different  isotopes  arc 
unvarying. 

The  element  lead  arising  as  an  end-product  of  the  radioactive 
changes  should  have  a different  atomic  weight  in  these  two 
cases.  Radium  (226)  loses  5 a-particles  in  becoming  lead, 
which  should  therefore  have  atomic  weight  of  206.  Thorium 
of  atomic  weight  232  approximately  loses  6 a-particles  and  hence 
thorium  lead  should  be  208.  Richards  found  that  ordinary 
lead  had  an  atomic  weight  of  207-9,  whereas  uranium  lead  had 
a lower  value  206-08. 

In  other  elements  very  little  variability  has  been  found, 
although  Briscoe  and  Robinson  report  variations  in  the  atomic 
weight  of  boron  from  different  sources  10-847  (California), 
10-823  (Tuscany),  and  10-818  (Asia  Minor). 

Packing  Fraction.  The  divergence  of  the  atom  from  the 
whole  number  rule  multiplied  by  io4  and  divided  by  its  mass 
number  gives  an  indication  of  the  packing  of  protons  and  electrons 
within  the  nucleus  (Table  IV).*  When  these  are  very  closely 
packed  their  electromagnetic  fields  are  mutually  affected  so  that 

Table  IV 


Atom. 

Packing 
fraction  X io4. 

Atom. 

Packing 
fraction  X io4. 

H 

77  • 8 ± 1 • 5 

As 

- 8-8  4:  1 ' 5 

H2 

67-5 

Cr52 

10  4:  3 

He 

5'4  ± 1 

I\r78 

9 ‘ 4 i 2 

Li6 

20-0  ± 3 

Br79 

9-0  4-  1 ■ s 

I.i7 

1 7 ■ 0 ± 3 

I\r80 

9 • r 4b  2 

Bio 

1 3 ' 5 ± i-5 

Br81 

8-6  4z  i-5 

Bu 

io-o  ± 1-5 

Kr82 

8-8  4:  i-5 

C 

3-o  ± 1 

Kr83 

8 • 7 ± 1-5 

N 

5 • 7 ± 2 

I\r81 

8 • 5 ± i-5 

0 

O ‘ O 

Kr86 

8-2  4:  1 -5 

F 

o-o  i 1 

Mo98 

(ca.)  - 5-5 

Ne20 

0-2  4:  1 

Mo109 

(ca.)  - 5-5 

Ne22 

(ca.)  2-2 

I 

5-3  ± 2 

P 

5-6  ± i-5 

Sn120 

7‘3  ± 2 

Cl35 

4 ' 8 ± 1 ' 5 

Xe134 

5 ■ 3 ± 2 

A3<: 

6-6  4:  1 • 5 

Hg200 

4-  o-8  4-  2 

Cl37 

5 • 0 -1  1 ‘ 5 

Pb200 

4-  o-8  4r  2 

A4" 

7-2  4 1 

* Encyclopaedia  Britannica,  14th  Edition.  Yol.  XII,  p.  720. 


a certain  fraction  of  the  combined  mass  is  regarded  as  being 
destroyed  with  release  of  energy.  The  greater  the  energy  change 
the  more  tightly  are  the  component  charges  bound  together  and 
the  more  stable  is  the  resulting  nucleus. 

The  Nuclear  Atom 

When  a-particles  emitted  by  radioactive  substances  are 
directed  against  material  objects  they  should  encounter  atoms 
and  undergo  deflection  or  repulsion.  Geiger  and  Marsden  in 
1909  investigated  the  scattering  of  a-rays  by  gold  leaf,  and 
found  that  the  mean  deflection  was  less  than  i°,  but  a small 
number  of  a-particles  were  deflected  to  a considerable  extent  or 
even  turned  backwards.  About  1 in  20,000  of  these  particles 
were  deflected  through  large  angles  of  an  average  value  of  90°. 
These  and  other  related  facts  led  Lord  Rutherford  in  191 1 to 
propound  the  nuclear  atomic  theory  which  is  still  accepted  as 
the  foundation  of  the  modern  conception  of  the  structure  of 
matter.  As  the  a-particle  is  more  than  7000  times  as  heavy  as 
an  electron  it  will  be  deflected  but  slightly  by  electrons,  and  will 
undergo  large  deflections  or  complete  reversal  only  when  hitting 
something  having  a similar  mass.  Rutherford  supposed  that  all 
the  positive  charges  and  practically  all  the  mass  of  the  atom  are 
concentrated  in  a small  nucleus  round  which  negative  electrons 
are  distributed  at  distances  which  are  relatively  large  in  com- 
parison with  the  dimensions  of  the  nucleus.  This  nuclear  atom, 
sometimes  referred  to  as  the  astronomical  atom,  has  a structure 
similar  to  that  of  a solar  system  with  central  sun  and  many 
planets  each  in  its  own  orbit.  The  facts  of  radioactivity  indicate 
that  the  nucleus  contains  both  protons  and  electrons  since  in 
radioactive  change  it  emits  /3-particles  (electrons)  as  well  as 
a-particles  which  are  helium  nuclei  with  double  positive  charges. 
In  general  the  nucleus  contains  an  excess  of  protons  over  electrons 
which  gives  it  its  positive  electric  charge.  With  an  element  of 
atomic  number  N and  atomic  weight  W the  latter  quantity  may 
be  regarded  as  indicating  the  number  of  protons  or  units  of  mass. 
If  e is  the  unit  electrical  charge  then  the  nucleus  has  a charge  of 
(W  — (W  — N)}e  units  = Ne,  and  the  N planetary  electrons 
will  have  a total  charge  of  — Ne,  thus  forming  with  the  nucleus 
an  electrically  neutral  chemical  atom. 

The  Neutron.  Following  on  experiments  by  Bothe  and  Becker 
and  by  Mine.  Curie-Joliot,  Chadwick  in  1932  submitted  beryllium 
to  bombardment  with  a-ravs,  and  recognised  a weak  radiation 
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more  penetrating  than  y-rays,  which  lie  regarded  as  being  due 
to  an  entity  consisting  of  one  proton  and  one  electron  in  close 
union,  so  that  the  nuclear  charge  would  be  zero.  The  neutron 
travels  at  about  i/ioth  of  the  velocity  of  light  and  its  great 
penetrative  power  is  attributed  to  its  absence  of  charge.  Regarded 
as  a chemical  element  the  neutron  would  have  an  atomic  number  o 
and  atomic  weight  i. 

Positive  Electrons.  Certain  results  of  the  photography  of 
the  tracks  of  penetrating  radiation  have  recently  been  published 
(16th  February,  1933)  by  P.  M.  S.  Blackett  and  G.  Occhialini, 
and  their  observations  indicate  that  some  of  the  tracks  are  due 
to  particles  with  a positive  charge,  but  with  a mass  comparable 
with  that  of  an  electron  rather  than  that  of  a proton.  These 
positive  electrons  seem  to  be  produced  during  nuclear  collision 
processes  giving  rise  to  showers  of  particles.  The  full  significance 
of  these  remarkable  observations  still  remains  to  be  appreciated, 
but  should  it  transpire  that  they  mean  a separation  of  the 
positive  charge  from  the  mass  of  the  proton  then  another  ex- 
planation of  the  neutron  might  be  that  it  represents  the  un- 
charged proton. 

Artificial  Disintegration  of  Elements 

An  outstanding  advance  during  the  past  year  has  been  made 
by  Cockcroft  and  Walton  on  the  artificial  disintegration  of 
elements  by  protons  accelerated  by  extremely  high  voltages. 
When  lithia  was  bombarded  by  a stream  of  protons,  a-particles 
were  produced  in  pairs,  and  this  effect  become  appreciable  when 
the  protons  had  been  accelerated  beyond  120,000  volts.  At 
250,000  volts  a disintegration  particle  was  obtained  for  ap- 
proximately every  io9  protons  striking  the  lithium.  If  the 
chemical  symbol  is  now  employed  to  signify  the  nucleus  of  the 
element  then  Li7  -f  H1  = 2He4.  Similar  disintegrations  occurred 
although  less  readily  with  boron  and  fluorine  and  with  still 
greater  difficulty  with  aluminium,  carbon,  uranium  and  a few 
other  elements.  Such  disintegrations  thus  produced  by  the  agency 
of  accelerated  protons  of  several  hundred  thousand  volts  may 
be  symbolised  as  follows: — 

B11  + IF  He4  + Be8  or  3He4 
F19  + H1  = He4  + O16 
AF  + H>  - He4  + Mg24. 

\\  hen  protons  are  the  projectiles  the  resultant  atom  is  of  lower 
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atomic  number,  but  when  a bombardment  by  a-particles  is 
employed  the  atom  produced  is  of  higher  atomic  number. 

Planetary  Electrons 

At  first  the  planetary  electrons  were  regarded  as  being  in 
rotation  round  the  atomic  nucleus  much  as  planets  revolve 
in  their  orbits  round  the  sun.  But  the  difficulty  about  this  view 
was  that  on  the  classical  theory  of  electro-magnetism  such  an 
atom  would  not  be  stable,  for  the  rotating  electron  would  con- 
tinually radiate  energy  and  diminish  in  its  orbit  until  finally  it 
would  coalesce  with  the  nucleus.  In  1913  Bohr  overcame  this 
difficulty  by  postulating  that  of  the  infinite  number  of  possible 
orbits  there  are  some  in  which  the  electron  could  revolve  con- 
tinuously without  radiating  energy.  These  permissible  orbits 
are  termed  stationary  states,  thus  indicating  that  the  orbits 
and  not  the  electrons  are  stationary.  The  characteristic  of  these 
stationary  states  is  that  an  electron  revolving  in  such  an  orbit 
possesses  an  integral  number — 1,  2,  3,  etc. — of  quanta  of  energy. 
This  hypothesis  based  on  Planck’s  quantum  theory  of  dis- 
continuous energy  changes  endowed  the  Rutherford  atom  with 
dynamic  stability. 

The  theory  of  quantised  circular  orbits  when  applied  to  the 
hydrogen  atom  and  to  ionised  helium,  each  of  which  entities 
contains  only  one  planetary  electron,  was  successful  in  indicating 
the  position  of  the  lines  of  the  optical  spectra  of  these  elements. 
A closer  approximation  to  the  observed  facts  of  spectrum 
analysis  was  reached  when  Sommerfeld  introduced  the  additional 
conception  of  electrons  in  elliptic  orbits.  The  existence  of 
circular  and  elliptic  orbits  involved  a recognition  of  two  quantum 
numbers,  the  principal  quantum  number  being  associated  with 
the  major  axis,  the  subsidiary  one  with  the  minor  axis,  or  more 
correctly  the  latus  rectum. 

Subsequently  Sommerfeld  and  Unsold  introduced  a third 
quantum  number  to  explain  the  fine  structure  of  the  spectra 
of  atomic  hydrogen  and  ionised  helium. 

Planetary  Electrons  and  Atomic  Structure 

A scheme  of  distribution  of  electrons  having  regard  to  these 
three  quantum  numbers  was  suggested  independently  in  1924 
by  Main  Smith  on  chemical  grounds,  and  by  Stoner  on  physical 
evidence  based  on  the  spectra  of  elements  and  their  magnetic 
properties. 
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The  former  of  these  investigators  embodies  his  generalisations 
in  a Law  of  Uniform  Atomic  Plan  according  to  which  the  elec- 
tronic structural  pattern  of  every  atom  is  a recapitulation  of  the 
pattern  of  all  atoms  having  fewer  electrons.  The  simplest  way 
of  tracing  out  the  working  of  this  plan  is  to  examine  the  periodic 
arrangement  in  detail  as  suggested  by  Main  Smith  in  his  article 
on  the  Periodic  Law  in  the  Encyclopedia  Britannica  (Vol.  XVII).* 

Table  V shows  an  abridged  periodic  classification  of  the  whole 
series  of  typical  elements  from  which  three  transition  series 
have  been  excluded.  In  this  typical  classification  we  find  a 
first  rudimentary  period  containing  only  hydrogen  and  helium. 
The  former  element  may  be  regarded  as  a prototype  of  all  valent 
elements,  and  the  latter  as  a forerunner  of  all  non-valent 
elements.  Following  on  these  two  prototypes  we  find  a period 
commencing  with  an  alkali  metal  and  ending  with  an  inert  gas 
(neon).  A similar  sequence  is  seen  in  the  third  period.  But  at 
the  fourth  period  commencing  with  potassium  and  calcium  the 
typical  sequence  is  maintained  only  by  excluding  ten  elements 
from  scandium  to  zinc.  Similarly  in  the  fifth  period  commencing 
with  rubidium  and  strontium  the  typical  sequence  is  again 
maintained  by  excluding  ten  elements  from  yttrium  to  cadmium. 
The  sixth  period  commences  with  caesium  and  barium,  but  now 
twenty-four  elements  from  lanthanum  to  mercury  must  be 
excluded  in  order  to  retain  the  typical  sequence. 

The  seventh  period  is  defective  although  indications  have 
recently  been  observed  of  the  existence  of  eka-caesium.  The 
second  position  in  this  period  is  filled  by  radium  in  group  II, 
after  which  the  remaining  elements  of  higher  atomic  weight  are 
relegated  by  Main  Smith  to  the  transition  series. 

This  assemblage  of  typical  elements  contains  all  the  non- 
metals  and  metalloids.  An  oblique  line  drawn  from  boron  to 
eka-iodine  divides  the  classification  into  two  compartments. 
Within  the  top  right-hand  compartment  are  all  the  distinctly  non- 
metallic  elements.  The  metalloids  arsenic,  antimony,  germanium 
and  tellurium  fall  on  one  side  or  other  of  the  dividing  line. 

It  should  be  noted  as  having  a bearing  on  electronic  structure 
that  this  typical  classification  shows  in  each  horizontal  period 
two  alkaline  elements,  two  amphoteric  elements  and  four  non- 
alkaline  elements.  Of  these  four  the  first  three  give  rise  to  acids 
and  the  fourth  is  devoid  of  chemical  properties  and  is  one  of  the 
inert  gases. 

* 1 4th  Edition. 


Taele  V — Abridged  Periodic  Classification. 
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Table  VI  shows  in  its  upper  portion  the  main  transition 
classification;  a tabulation  in  which  again  we  have  an  arrange- 
ment in  eight  vertical  series  although  in  all  three  completed 
periods  group  VIII  is  occupied  not  by  one  element  but  by  the 
well-known  triads  of  closely-related  elements. 

Moreover,  between  barium  and  hafnium  there  are  fifteen 
elements,  fourteen  of  which  have  special  properties  in  virtue  of 
which  they  are  relegated  to  a separate  sub-series  of  transition 
elements.  Lanthanum,  which  yields  a strongly  alkaline  hydroxide 
and  diamagnetic  salts,  alone  remains  as  the  typical  group  III 
element  of  this  main  transition  series. 

It  should  also  be  noted  that  many  members  of  this  main 
transition  series  show  considerable  variation  in  chemical  valency 
and  display  coloured  compounds  at  one  or  more  stages  of  com- 
bination. Lastly  the  whole  series  may  be  divided  into  two 
groups;  one  showing  high  valency  as  manifested  in  naturally 
occurring  compounds,  the  other  group  displaying  low  valency 
as  illustrated  by  their  occurrence  in  nature.  In  each  horizontal 
series  there  are  four  elements  of  the  first  group  and  six  of  the 
second.  This  proportionality  has  an  important  bearing  on 
electronic  structure. 

The  lower  portion  of  Table  VI  shows  the  sequence  of  the 
transition  sub-series  of  fourteen  metals  of  the  rare  earths.  These 
cannot  be  arranged  in  periodic  order  as  their  valencies  are 
generally  three  and  never  higher  than  four  nor  less  than  two. 
They  are  divisible  on  chemical  grounds  into  two  sub-groups, 
the  six  cerium  earth  elements  and  the  eight  lutecium  earth 
elements.  The  latter  group  is  frequently  referred  to  as  the 
yttrium  earth  elements,  although  yttrium  is  actually  not  included 
in  this  part  of  the  periodic  scheme. 

Table  VII  of  this  series  shows  the  complete  periodic  classi- 
fication with  the  typical  and  transitional  elements  now  blended 
into  one  scheme.  The  points  of  divergencies  are  shown  at 
calcium,  strontium  and  barium;  but  although  a possible  diver- 
gence is  also  indicated  at  radium  the  resulting  elements  of  the 
typical  series  are  unknown.  The  evidence  seems  rather  in 
favour  of  the  view  that  the  last  recessional  period  (the  7th)  is  a 
short  period  like  the  first  two  complete  periods  (the  second  and 
third).  In  spite  of  the  peculiarities  of  the  fourth,  fifth  and  sixth 
periods,  it  is  possible  to  discern  the  working  of  the  law  of  uniform 
atomic  plan. 


Table  VI — Transition  Classification. 
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Table  VII — Periodic  Classification. 


With  58  Ce,  59  Pr,  60  Nd,  61  II,  62  Sm,  63  Eu,  64  Gd,  65  Tb,  66  Dy,  67  Ho,  68  £>,  69  Twi,  70  Y6,  71  Z.w. 
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In  the  first  rudimentary  period,  hydrogen  with  one  electron 
is  followed  by  helium,  an  inert  gas  with  two  electrons.  Lithium 
with  three  electrons  readily  parts  with  one  in  forming  its  hydroxide 
but  never  in  chemical  combination  reveals  the  presence  of  the 
helium  electrons.  Its  electronic  structure  outside  the  nucleus 
is  evidently  2:1. 

In  the  simplified  classification  of  the  typical  elements  it 
was  seen  that  in  each  horizontal  period  there  were  two  alkaline 
elements,  two  amphoteric  elements  and  four  belonging  to  a 
non-alkaline  class  of  which  the  fourth  was  always  an  inert  gas 
practically  devoid  of  chemical  properties.  This  sequence  of 
chemical  characteristics  when  correlated  with  the  atomic  number 
of  the  elements  suggests  an  electronic  arrangement  of  2 : 2 and 
4,  which  is  discernible  throughout  all  the  periods  shown  in  the 
abridged  classification.  Since  each  of  these  period  ends  with  an 
inert  gas  this  arrangement  of  electrons  represents  the  final  group 
of  electrons  in  neon,  argon,  krypton,  xenon,  and  radon.  From 
lithium  onwards  firmness  of  electron  binding  increases.  The 
valency  for  hydrogen  increases  up  to  carbon,  then  decreases 
to  fluorine,  and  disappears  at  neon.  These  chemical  properties 
suggest  that  this  second  inert  gas  contains  the  two  helium 
electrons  and  eight  others  arranged  thus:  2.  2,  2,  4 = 10. 

After  leaving  neon  this  process  of  binding  on  electrons  is 
repeated.  The  next  two  elements  are  sodium  with  a readily 
detachable  electron  and  magnesium  with  two  more  firmly  held 
electrons.  In  this  second  short  period  there  is  a rise  in  hydrogen 
valency  to  a maximum  at  silicon,  a subsequent  decrease  to 
chlorine  where  this  valency  is  again  reduced  to  unity  and  com- 
pletely disappears  at  the  next  element,  argon,  which  again  is  an 
inert  gas.  The  atomic  plan  of  argon  should  accordingly  be 
2.  2,2,4.  2,2,4  = 18.  The  structure  of  the  intermediate 

element,  sulphur,  may  be  given  in  illustration  2.  2,  2,  4.  2,  2,  2. 
The  electrons  of  the  three  outer  sub-groupings  may  function  in 
pairs  as  valency  electrons  in  compounds  of  bi-,  quadri-  and 
sex-valent  sulphur. 

In  the  fourth  chemical  period  ten  elements  intervene  between 
groups  II  and  III  of  the  typical  classification  and  form  a tran- 
sition period.  It  can  be  shown  that  none  of  these  ten  transitional 
elements  possesses  more  than  two  electrons  in  the  fourth  quantum 
group,  and  that  all  the  ten  more  firmly  bound  electrons  are 
included  in  the  third  quantum  group.  I he  division  into  four 
elements  with  high  natural  valencies  and  six  with  low  natural 


valencies  corresponds  with  a division  of  electrons  into  sub- 
groupings of  four  and  six  electrons. 

The  fourth  quantum  period  (the  first  long  period  of  Mendeleef) 
begins  with  potassium,  which  is  characterised  by  one  electron 
in  the  first  sub-grouping  of  the  fourth  quantum  group.  Calcium 
follows  with  two  electrons  in  the  same  sub-grouping,  but  with  the 
next  element,  scandium,  the  transition  series  begins,  and  at  this 
point  electrons  begin  to  be  added  to  the  last  sub-groupings  of 
the  third  quantum  group,  and  this  expansion  of  the  sub-group 
continues  up  to  copper,  in  which  the  two  outermost  sub-groups 
for  the  third  quantum  group  are  completed  with  one  electron 
over  in  the  fourth  quantum  group.  For  instance,  the  atomic 
structure  of  copper  may  be  cited  2.  2,  2,  4.  2,  2,  4,  4,  6.  1 

which  indicates  that  the  fundamental  valency  of  this  element 
is  that  of  a monad. 

At  zinc  this  sub-group  of  the  fourth  quantum  group  becomes 
completed  with  two  valency  electrons  (2.  2,2,4.  2,  2,  4,  4,  6.  2), 
and  with  the  next  element  gallium  one  rejoins  the  series  of 
t}’pical  elements,  and  one  electron  is  added  to  the  second  sub- 
group of  the  fourth  quantum  group  (2.  2,  2,  4.  2,  2,  4,  4,  6.  2,  1) 
so  that  by  the  time  the  next  inert  gas,  krypton,  is  reached,  one 
has  a stable  arrangement  of  sub-groups  in  four  quantum  groups 
as  follows: — 2.  2,2,4.  2,  2,  4,  4,  6.  2,2,4. 

The  working  of  the  uniform  atomic  plan  follows  a similar 
course  for  the  fifth  quantum  group  (second  long  period),  the 
inclusion  of  the  inner  grouping  beginning  at  yttrium  and  per- 
sisting up  to  silver.  At  indium  one  again  rejoins  the  normal 
series,  and  the  period  ends  with  the  next  inert  gas,  xenon, 
having  the  electronic  structure: — 

2.  2,  2,  4.  2,  2,  4,  4,  6.  2,  2,  4,  4,  6.  2,  2,  4. 

Extranuclear  Electronic  Structures 

Table  VIII  shows  the  evolution  of  the  uniform  atomic  plan 
in  a selected  series  of  the  elements  ranging  from  hydrogen  to 
uranium.  In  each  case  (excepting  helium)  the  period  ends  with 
an  inert  gas  containing  an  outermost  quantum  group  of 
8 electrons  with  sub-groupings  2,  2,  4. 

We  may  now  take  the  case  of  uranium,  which  being  the  last 
element  on  the  list  has  the  heaviest  atom;  it  occurs  in  the  seventh 
quantum  period  and  has  atomic  number  92.  Its  electronic 
structure  according  to  Sidgwick  and  Stoner  is  expressed  as 


Table  VIII — Law  of  Uniform  Atomic  Plan. 
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2.  I 2,2,4.  | 2,  2,4,4,  6.  I 2,  2,  4,  4,  6,  6,  8.  I 2,  2,  4,  4,  6. 

2,  2,  4,  5 j 1 whereas  Main  Smith  gives  it  as  2.  | 2,  2,  4.  | 
2,2,4, 4,  6.  I 2,  2,  4,  4,  6,  6,  8.  | 2,  2,  4,  4,  6.  | 2,2,4.  I (4-2). 
or  with  two  alternative  endings  for  the  sixth  and  seventh  quantum 
groups  2,  2,  4,  o,  2.  (2,  2.)  or  2,  2,  4,  o,  4.  (2).  So  far  as 

the  completed  sub-groups  of  electrons  are  concerned  there  is  no 
difference  of  opinion.  It  is  only  in  the  three  outermost  sub- 
groupings of  the  last  two  quantum  groups  that  there  is  any 
diversity  of  arrangement. 

Such  sub-groupings  contain  the  valency  electrons,  which 
are  affected  directly  in  chemical  changes,  and  any  uncertainty 
regarding  their  position  is  indicative  of  the  variable  habits  of 
combination  exhibited  by  the  element  concerned. 

Polyvalent  elements  may,  like  ourselves,  exhibit  a super- 
ficial semblance  of  free  will  surrounding  a structural  core  which  is 
predetermined  and  invariable. 

Four  different  electronic  types  of  atoms  have  been  recognised 
as  shown  in  Fig.  2,  which  is  due  to  N.  Bohr*: — 

(1)  Those  of  elements  in  which  all  the  electronic  groups  are 
substantially  complete.  This  group  includes  all  the  inert 
gases  which  either  form  no  compounds  or  do  so  with 
extreme  reluctance. 

(2)  Those  of  elements  in  which  all  but  the  highest  quantum 
group  are  complete.  This  group  includes  all  elements  of 
the  first  two  short  periods  excepting  the  inert  gases  and 
all  elements  of  the  typical  or  abridged  classification. 

(3)  Those  of  elements  in  which  two  outermost  electronic 
groups  are  imperfect.  This  type  includes  the  elements  of 
the  main  transition  series;  they  are  catalytic  and  form 
coloured  and  paramagnetic  ions. 

(4)  Those  of  elements  in  which  three  outermost  electronic 
groups  are  imperfect.  This  type  includes  metals  of  the 
rare  earths  forming  the  transition  sub-series;  they  resemble 
those  of  the  main  transition  series  in  being  catalytic  and  in 
forming  to  some  extent  coloured  and  paramagnetic 
compounds.  They  are,  however,  unique  in  constituting 
a long  series  of  tervalent  elements. 

The  regularities  manifested  in  the  law  of  uniform  atomic 
plan  are  shown  by  the  fact  that  up  to  the  fourth  quantum  group 
the  maximum  numbers  of  electrons  in  main  groups  are  equal  to 

* Encyclopedia  Britannica,  14th  Edition,  Vol.  II,  p.  643. 
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twice  the  squares  of  the  natural  numbers,  2(i2,  22,  32,  q2) 
= 2,  8,  18,  32.  The  number  of  sub-groups  in  a main  group  up 
to  the  fourth  quantum  group  is  equal  to  one  less  than  twice  the 
natural  number  characterising  the  group,  the  fourth  group,  for 
instance,  contains  2 x 4 — 1 = 7 sub-groups.  The  numbers 
of  electrons  in  the  sub-groups  of  a main  group  up  to  the  fourth 
quantum  group  are  equal  to  twice  the  natural  numbers  taken  in 
duplicate,  the  last  sub-group  being  unduplicated  and  equal  to 
twice  the  number  of  the  main  group,  thus  the  fourth  quantum 
group  has  the  sub-groups  2 (1,  1,  2,  2,  3,  3,  4)  = 2,  2,  4,  4,  6,  6,  8. 
Beyond  the  fourth  quantum  group  there  is  a decrease  in  the 
maximum  number  of  electrons  in  the  main  group  and  in  the 
number  of  contained  sub-groups,  but  this  diminution  is  regular 
as  shown  by  the  electronic  structure  of  radium  which  is  highly 
symmetrical : — 

2.  2,  2,  4.  2,  2,  4,  4,  6.  2,  2,  4,  4,  6,  6,  8. 

2,  2,  4,  4,  6.  2,  2,  4.  2. 

These  theories  on  the  number  and  arrangement  of  planetary 
electrons,  which  embrace  the  whole  series  of  chemical  elements, 
recall  the  teachings  of  Pythagoras  and  his  school,  who  held 
the  view  that  all  things  are  numbers  and  to  whom  it  appeared 
that  the  elements  of  numbers  were  the  elements  of  all  things. 
To-day  the  Pythagorean  music  of  the  celestial  spheres  finds  its 
counterpart  in  the  rhythmical  arrangement  of  the  electronic 
components  of  the  simplest  forms  of  matter.  It  now  remains 
to  be  seen  how  far  these  speculations  correspond  with  the  actual 
properties  of  the  chemical  elements,  for  the  acid  test  of  the 
validity  of  such  hypotheses  must  be  their  utility  in  classifying, 
correlating  and  explaining  the  known  facts  of  chemistry. 

Valency 

With  the  possible  exception  of  the  inert  gases,  all  chemical 
elements  have  the  power  of  combining  with  other  elements  in 
certain  definite  proportions.  This  property,  which  is  termed 
valency,  varies  from  one  element  to  another  in  accordance  with 
their  position  in  the  periodic  scheme.  When  measured  in  terms 
of  hydrogen,  valency  increases  from  unity  among  the  alkali 
metals  to  a maximum  of  four  at  carbon,  and  then  falls  off  again 
to  reach  unity  in  the  halogen  family.  This  variation  may  be 
illustrated  by  the  following  compounds: — 

Li H,  Call.,,  (BH3)2,  CH4,  Nil.,,  II20,  and  (MF)2. 
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If,  however,  valency  is  measured  not  in  terms  of  hydrides  but 
of  oxides  a different  periodicity  is  manifested: 

LioO,  BeO,  B203,  C02,  N205,  S03,  I207,  0s04. 

Assuming  the  valency  of  oxygen  to  be  two,  then  this  series 
represents  a valency  variation  of  from  one  to  eight.  The 
hydrogen  valency  may  be  considered  as  the  more  normal  habit 
of  combination,  the  higher  oxygen  valencies  are  to  be  regarded 
as  ideals  which  are  attained  in  comparatively  few  instances. 
In  1908  Newton  Friend  suggested  that  lluorine  was  a more 
convenient  standard  than  oxygen  for  revealing  this  ideal  valency. 
His  proposal  has  become  increasingly  practicable  as  the  result 
of  recent  work  on  fluorine  and  its  compounds.  In  the  fluoride 
series  we  now  have 

LiF,  BeF2,  BF3,  CF4,  PF6,  SFe,  IF7,  OsF„. 

These  simple  ideas  regarding  integral  valencies  were  sufficient 
guide  to  the  structure  of  many  thousands  of  organic  derivatives, 
but  very  early  in  the  systematic  study  of  inorganic  chemistry 
it  became  evident  that  such  views  were  far  too  limited  to  account 
for  the  properties  of  inorganic  substances.  The  combination  of 
apparently  saturated  compounds  such  as  metallic  salts  with  one 
another  or  with  water,  acids,  ammonia  or  organic  amines  could 
not  readily  be  explained  on  the  basis  of  integral  valency.  Even 
in  1857  Gibbs  and  Genth  recognised  that  tervalent  cobalt  could 
behave  as  “hexatomic”  in  forming  a “conjunct”  with  six 
ammonia  molecules.  In  1893  an  entirely  new  theory  of  valency 
was  put  forward  by  Alfred  Werner  according  to  which  conception 
(he  combining  powers  of  an  atom  depended  not  on  the  nature 
but  on  the  number  of  atomic  radicals,  complexes  or  molecules  to 
which  it  became  attached.  This  number,  which  was  termed  the 
co-ordination  number,  was  most  frequently  six,  sometimes  four, 
and  less  often  was  eight  or  some  other  value.  It  is  significant 
that  the  central  atom  and  its  six  associating  units  form  together 
a co-ordination  complex  the  components  of  which  do  not  become 
ionised,  although  outside  this  co-ordination  complex  the  molecule 
may  contain  ionisable  components.  For  example,  platinic 
chloride  forms  an  addition  compound  with  potassium  chloride 
and  three  with  ammonia,  the  series  being: — 

[Pt6NH3]Cl4  [Pt5NH3Cl]Cl3  [Pt2NH3Cl4]  K2[PtCl6], 

In  each  of  these  four  compounds  platinum  is  seen  to  be  sur- 
rounded by  six  associating  units,  and  in  all  these  substances, 
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excepting  the  third,  there  are  ionisable  radicals  outside  the 
co-ordination  complex. 


Electronic  Conception  of  Chemical  Valency 

The  inert  gases,  which  enter  into  chemical  combination 
only  with  extreme  difficulty,  have  completed  quantum  groups, 
and  with  the  exception  of  helium  these  invariably  include  an 
outermost  group  of  eight  electrons.  Accordingly,  it  is  assumed 
that  the  driving  force  in  chemical  combination  is  an  attempt  on 
the  part  of  valent  atoms  to  complete  their  peripheral  octet. 
Consider  the  combination  of  alkali  metals  with  halogens.  By 
losing  its  solitary  outermost  electron  a sodium  atom  becomes  a 
sodium  ion  with  the  electronic  structure  of  neon  (2.  2,  2,  4). 

Chlorine  on  the  other  hand,  by  accepting  an  electron,  completes 
its  outer  octet  and  becomes  a chlorine  ion  with  the  electronic 
structure  of  argon  (2.  2,  2,  4.  2,  2,  4).  As  the  result  of  this 

“give  and  take”  transaction  the  product,  sodium  chloride, 
consists  of  two  ions  each  with  the  inert  gas  structure.  This 
tendency  may  be  manifested  in  another  way.  Hydrogen  has 
only  one  electron,  and  requires  one  more  to  attain  the  electronic 
structure  of  helium.  Carbon  has  four  electrons  in  its  outer 
quantum  group  where  the  maximum  permissible  number  is  eight. 
If,  therefore,  four  hydrogen  atoms  share  their  electrons  with  one 
carbon  atom  in  the  formation  of  the  saturated  hydrocarbon, 
methane,  each  of  the  hydrogens  has  acquired  the  electronic 
structure  of  helium  (2),  and  the  carbon  has  completed  its  octet 
with  assumption  of  a neon  structure  (2.  2,  2,  4). 

In  the  formation  of  sodium  chloride  the  coupling  of  the  two 
components  is  associated  with  the  development  of  ionic  properties, 
and  this  mode  of  combination  is  termed  electro -valency. 

In  the  formation  of  methane  there  is  no  manifestation  of 
ionisation,  and  this  mode  of  combination  is  termed  co-valency. 
Almost  invariably  the  co-valent  linking  involves  the  sharing  of 
two  electrons.  There  are,  however,  exceptional  cases  of  a 
linking  of  hydrogen  to  another  atom  by  means  of  a single-shared 
electron  (see  hydroborons) . 

It  now  remained  to  give  an  electronic  interpretation  of  the 
co-valent  linking  of  Werner,  and  this  was  done  by  Sidgwick  in 
1923,  who  thereby  gave  precision  to  the  co-ordination  theory  and 
brought  it  into  line  with  modern  conceptions  of  the  structure  of 
matter. 
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Co-ordination  Theory 

In  spite  of  this  elucidation  of  an  important  chemical  generali- 
sation, it  can  hardly  be  claimed  that  it  has  become  part  of  the 
general  mental  equipment  of  practical  chemists.  This  avoidance 
of  a useful  working  hypothesis  may  be  due  to  the  circumstance 
that  co-ordination  is  commonly  conjectured  to  be  a complicated 
conception  concerning  cobaltammines.  But  although  it  is  true 
that  Werner  won  his  chief  triumphs  among  cobaltammines  and 
similar  complex  salts,  yet  actually  co-ordination  enters  into 
everyday  laboratory  experience. 

I shall  venture  to  trespass  on  the  indulgence  of  those  who 
habitually  think  in  terms  of  co-ordination  by  indicating  that  this 
theory  applies  to  two  of  the  commonest  inorganic  compounds, 
ammonium  chloride  and  sulphuric  acid.  Nitrogen  has  the 
electronic  structure  2.  2,  2,  i,  and  can  assume  the  structure 

of  neon  (2.  2,  2,  4)  by  acquiring  three  more  electrons.  It 

can  do  this  by  sharing  the  electrons  of  three  hydrogen  atoms 
which  simultaneously  acquire  the  helium  structure  (2).  The 
product,  ammonia,  is  a good  example  of  a compound  formed  by 
the  operation  of  three  co-valencies  which  have  involved  three  out 
of  five  of  the  valency  electrons  of  nitrogen.  The  remaining 
two  electrons,  often  termed  the  “lone  pair,”  are  still  available 
for  co-valent  purposes.  In  hydrogen  chloride  the  hydrogen 
gives  its  electron  to  chlorine  completing  the  argon  octet  of  the 
latter  (2.  2,  2,  4.  2,  2,  4),  but  the  hydrogen  is  now  left 

without  an  electron,  and  it  can  acquire  a helium  structure  by 
sharing  the  lone  pair  of  nitrogen  electrons. 

11 

H:N:  4-  HC1  = 

H 

It  is  highly  significant  that  when  these  two  gases  are  com- 
pletely dry  this  coupling  does  not  occur  (H.  B.  Baker,  1894). 
In  the  anhydrous  condition,  hydrogen  chloride  is  a co-valent 
compound  with  its  hydrogen  sharing  two  electrons  with  chlorine. 
A trace  of  moisture  ionises  this  compound,  and  the  hydrion 
thus  generated  is  available  for  co-ordination  with  nitrogen. 

It  has  already  been  mentioned  that  in  a co-ordination 
complex  the  components  are  not  ionised  so  that  evidently  the 
co-ordination  linking  is  of  the  nature  of  co-valency.  It  is  a 


H 

H : N:  H 
H 


Cl 


co-valent  linking  in  which  the  shared  electrons  both  come  from 
the  same  element.  In  the  case  of  ammonium  chloride  three 
hydrogens  are  co-valently  linked  to  nitrogen,  and  the  fourth  is 
held  by  a co-ordination  linking,  but  as  the  hydrogens  arrange 
themselves  tetrahedrally  about  the  nitrogen  it  is  impossible 
after  the  formation  of  the  ammonium  radical  to  say  which  was 
the  fourth  hydrogen  to  enter  the  co-ordination  complex.  Am- 
monium chloride  furnishes  an  example  of  each  of  the  three  types 
of  valency  now  recognised  by  chemists:— Electro-valency, 
co-valency  and  co-ordination  linking. 

Sulphur  has  the  electronic  structure  2.  2,  2,  4.  2,  2,  2, 

and  when  it  burns,  two  pairs  of  electrons  are  shared  with  two 
oxygen  atoms  to  form  sulphur  dioxide.*  By  catalytic  oxidation 
this  dioxide  is  converted  into  trioxide  wherein  the  three  pairs 
of  electrons  are  shared  with  three  oxygens.  The  latter  have 
completed  their  neon  structures,  although  sulphur  is  still  two 
electrons  short  of  the  argon  structure,  but  it  can  acquire  this 
by  accepting  two  electrons  from  the  oxygen  radical  of  a water 
molecule. 
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In  dibasic  sulphurous  acid  the  sulphur  contains  one  lone  pair 
which  may  combine  co-ordinatively  with  one  of  the  hydrogens 
so  that  a case  of  inorganic  tautomerism  arises,  the  two  forms  being 
as  follows: — 


+ + 
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Ho 

O ^ 
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O 
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H 

O : S : O 

H 

* Recently  (May,  1933)  Schenk  and  Cordes  have  prepared  sulphur 
monoxide,  SO,  by  subjecting  sulphur  dioxide  in  the  presence  of  sulphur  to 
a silent  electric  discharge  under  low  pressure  and  temperature.  At  the 
temperature  of  liquid  air  sulphur  monoxide  forms  an  orange-red  liquid 
which  decomposes  into  a mixture  of  sulphur  dioxide  and  sulphur  at  higher 
temperatures.  This  liquid  forms  thiosulphate  with  alkalis,  and  may  be 
considered  as  the  anhydride  of  thiosulphuric  acid,  H2S,03.  Sulphur 
monoxide  itself  combines  with  alkalis  to  form  sulphoxylates  or  hydro- 
sulphites. Moreover,  sulphur  monoxide  has  been  identified  through  its 
characteristic  band  spectrum  as  a product  of  the  burning  of  sulphur  with 
oxygen  in  presence  of  excess  of  sulphur  vapour  and  as  arising  from  inter- 
action of  thionyl  chloride  and  molecular  silver. 


These  alternative  formulations  illustrate  certain  peculiarities  of 
the  complex  metallic  sulphites,  and  also  explain  the  existence 
of  two  isomeric  series  of  organic  esters,  the  alkyl  sulphites  and 
the  alkyl  aliphatic  sulphonates  such  as 

OS(OC2H6)2  and  C2H6.S02.OCzH6. 

The  series  of  oxyacids  of  chlorine  affords  another  example  of 
the  employment  of  lone  pairs  of  electrons  in  the  setting  up  of 
co-ordination  complexes.  In  the  formation  of  hypochlorous  acid 

Cl2  + H20  = HC1  + HOC1 

one  electron  from  the  oxygen  and  one  from  the  chlorine  are 
shared  between  these  elements  in  co-valent  union.  The  chlorine, 
however,  still  contains  six  other  electrons  in  its  outermost 
group,  and  these  furnish  three  lone  pairs  which  combine  suc- 
cessively in  co-ordination  with  oxygen  to  form  the  series  of 
chlorous,  chloric  and  perchloric  acids: — 
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Chelate  Groups.  In  all  cases  of  co-ordination  compounds 
thus  far  discussed  each  associating  radical  or  compound  has 
occupied  one  position  in  the  co-ordination  complex.  It  should, 
however,  be  realised  that  in  addition  to  these  associating  units 
there  are  other  radicals  and  compounds  which  function  as 
twofold,  threefold  and  even  fourfold  associating  groups.  The 
twofold  series  is  the  best  known,  and  it  has  played  an  important 
part  in  the  establishment  of  the  co-ordination  theory.  Such 
twofold  associating  units  form  rings  including  the  central  atom, 
which  are  sometimes  of  considerable  stability,  and  they  have 
therefore  been  termed  chelate  groups  from  ywA)/,  a crab’s  claw 
(Latin,  chela;  English,  chely).  For  instance,  in  certain  co- 
ordination complex  salts  ethylenediamine  (en)  takes  the  part 
of  two  ammonia  molecules,  and  thus  illustrates  one  type  of 
chelate  compound,  the  two  relevant  salts  being  formulated  as 

[Co6NH3]C13  and  [Co3en]Cl3. 

Another  type  is  represented  by  the  univalent  radical  I of 
acetylacetone  which  is  a chelate  group  giving  rise  with  the 
metals  to  many  remarkably  stable  chelate  compounds.  Thus 


the  acetylacctones  of  aluminium,  beryllium,  scandium  (II),  and 
even  thorium,  are  distillable  without  decomposition. 


C(CH3).0— 

(I)  CHf 

xC(CH3:  O 

In  ign  Werner  demonstrated  the  octahedral  distribution  of 
associating  units  in  a cobaltic  complex  by  showing  that  the 
following  6-co-ordinated  compounds 

[CoClNH32en]X2,  [CoClN022en]X  and  [Co3en]X3 

containing  two  and  three  ethylenediamine  (en)  chelate  groups 
could  be  resolved  into  optically  active  enantiomerides.  He  also 
obtained  optically  active  compounds  of  chromium  of  the  types 
[CrCl22en]X,  [Cr3en]Xs  and  [Cr(C204)3]K3,  and  rhodium  salts  of 
the  type  [Rh3en]Cl3.  In  1912  Werner  employed  2 :2'-dipyridyl 
(dipy)  in  demonstrating  the  octahedral  arrangement  in  iron 
compounds  by  using  trisclipyridyl  ferrous  bromide  [Fe3dipy]Br2. 
More  recently,  in  1932,  the  corresponding  nickel  compound 
[Ni3dipy]Cl2  was  resolved  into  optically  active  components  by 
Mr.  Burstall  and  myself. 

Chelate  compounds  need  not  be  organic,  for  Werner  showed 
that  the  basic  salt,  dodecamminohexoltetracobaltic  chloride  III, 
which  contains  three  purely  inorganic  chelate  groups,  is  re- 
solvable into  optically  active  forms. 


Cl. 


A.  Werner,  1914. 


(Ill) 


ch( 


C(CH3).0 


C(CH3) : O'  J3 


(II) 


Within  the  last  few  months  F.  G.  Mann  has  employed 
sulphamide  to  furnish  an  inorganic  chelate  group  of  novel  type. 
This  diamide,  which  in  certain  circumstances  functions  as  a 
dibasic  acid,  gives  rise  to  complex  salts  with  rhodium  and 
platinum,  [2H20Rh(N2H2S02)2]Na  and  [NH3H0Pt(N2H2S02)2]Na. 
The  former  (IV)  has  been  resolved  into  optically  active  forms 
[MJbvso  + 31°  and  — 340,  and  this  observation  confirms  Werner’s 
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view  that  inorganic  chelate  groups  can  contribute  to  the  building 
up  of  complexes  sufficiently  stable  to  exhibit  optical  activity. 


F.  G.  Mann,  1933. 


It  is  of  interest  to  examine  the  subatomic  constitution  of 
complex  salts  and  ammines.  The  cobaltic  ion  forming  the  nucleus 
of  the  co-ordinated  complex  of  cobaltammines  and  allied  complex 
salts  has  the  electronic  structure  2.  2,  2,  4.  2,  2,  4,  4,  2 

— that  is  12  electrons  short  of  the  structure 

2.  2,  2,  4.  2,  2,  4,  4,  6.  2,  2,  4. 

of  krypton,  the  next  inert  gas.  This  quota  of  electrons  is 
furnished  by  6 ammonias  in  [Co6NH3]Cl3,  or  by  three  ethylene- 
diamines  in  [Co3en]Cls,  each  nitrogen  atom  contributing  one  lone 
pair  of  electrons.  This  attainment  of  krypton  structure  is  also 
achieved  in  the  purpureo-series  [CoC15NH3]C12  where  cobalt  is 
co-valently  united  with  one  chlorine.  The  electronic  structure  is 
then  2.  8.  16  and  the  missing  ten  electrons  are  contributed 

by  the  five  molecules  of  ammonia. 

Similar  considerations  apply  to  the  platinammines 
[Pt6NH3]Cl4  and  allied  complex  salts  K2[PtCl6]  of  quadrivalent 
platinum,  in  which  just  sufficient  electrons  are  furnished  to 
bring  the  structure  of  the  metal  up  to  that  of  the  next  inert  gas. 

The  case  of  chromium  is,  however,  noteworthy  for  this  metal 
also  gives  rise  to  many  stable  ammines  ( v . infra),  but  in  this 
case  the  chromic  ion  has  only  2.  8.  11  electrons,  that  is 

15  short  of  the  krypton  structure,  so  that  even  after  co-ordination, 
as  in  [Cr6NM3]Cl3,  the  complex  is  still  3 electrons  short  of  the 
number  required  for  the  inert  gas.  It  is  evident  that  the  tendency 
to  complete  an  outermost  octet  of  electrons  is  not  always  the 
prevailing  factor.  In  this  case  of  chromium  the  matter  of 
symmetrical  distribution  probably  arises,  and  in  inorganic 
chemistry  an  octahedral  arrangement  is  the  one  most  favoured. 
The  opposite  tendency  is  observable  with  nickel  in  such  compounds 
as  [Ni3en]Cl2  and  [Ni3dipy]Cl2.  Here  the  nickelous  ion  is  only 
10  electrons  short  of  krypton,  but  12  are  probably  contributed 
by  the  3 molecules  of  co-ordinating  diamine. 
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These  facts  of  inorganic  chemistry  show  that  the  octahedral 
arrangement  is  favoured  in  the  majority  of  cases.  The  tetra- 
hedral arrangement,  reminiscent  of  carbon  derivatives,  is,  how- 
ever, by  no  means  excluded  from  the  configuration  of  inorganic 
compounds.  The  existence  of  this  arrangement  among  boron 
compounds  has  been  demonstrated  by  Boeseken  and  Meulenhoff 
(1924),  who  found  that  borosalicylic  acid  had  a strychnine  salt 
with  optical  activity  due  to  the  boron  complex.  Mills  and  Gotts 
in  1926  resolved  into  optically  active  forms  the  beryllium  deriva- 
tive of  benzoylpyruvic  acid  (page  53),  and  adopted  similar  means 
for  demonstrating  tetrahedral  distribution  of  associating  units 
in  the  copper  and  zinc  salts  of  this  acid.  A tetrahedral  arrange- 
ment of  groups  round  4-covalent  oxygen  was  revealed  by  Bragg 
and  Morgan  (1923)  in  a study  of  basic  beryllium  acetate 
Be40(C02CH3)6  (page  52). 

Having  given  a few  typical  illustrations  of  co-ordination 
compounds  I propose  next  to  discuss  certain  recent  additions 
to  our  knowledge  of  inorganic  compounds  taken  in  the  periodic 
order  of  their  characteristic  elements. 


II 

THE  ZERO  GROUP 

The  inert  gases  are  regarded  as  key  elements  in  unravelling 
the  working  of  the  law  of  uniform  plan.  Their  sub-atomic 
structures  are  tabulated  in  Table  VIII  on  page  28.  Many 
attempts  have  been  made  to  induce  these  gases  to  enter  into 
chemical  combination.  Electronic  bombardment  of  helium  in 
presence  of  metallic  or  non-metallic  elements  is  stated  to  induce 
the  formation  of  the  corresponding  helides  (Boomer,  1925). 
A fairly  stable  tungsten  helide  WHe2  is  recorded,  but  the  non- 
metallic  helides  decompose  above  — 180°.  When  in  contact  with 
helium,  mercury  in  the  glow  discharge  is  stated  to  give  mercury 
helide  HgHe  or  HgHe2  (Manley,  1927).  The  solubility  in  water 
of  argon  is  greater  than  that  of  nitrogen,  although  the  resulting 
argon  hydrate  A,  with  4 or  5 H20  is  somewhat  unstable. 
Krypton  hydrate,  Kr,  5H20  is  rather  more  stable,  and  on 
compression  below  240  in  the  presence  of  water  xenon  gives  a 
crystalline  hydrate  with  6 or  7 PI20  (de  Forcrand,  1923). 
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In  spite  of  their  chemical  inertia  the  noble  gases  have  found 
industrial  and  technical  uses.  The  non-inflammability  of  helium 
favours  its  use  in  air  ships  and  its  slight  solubility  in  the  blood 
leads  to  its  application  in  modern  diving  apparatus  in  order  to 
avoid  the  danger  of  caisson  disease.  The  characteristic  pink 
red  glow  emitted  by  neon  in  discharge  tubes  has  created  a con- 
siderable demand  for  the  use  of  this  gas  in  illuminated  street 
signs.  This  neon  light  has  great  penetrative  power  in  fog. 
Argon,  the  most  plentiful  of  the  noble  gases,  finds  extensive  use 
in  the  electric  lamp  industry  and  also  in  chemical  and  metal- 
lurgical operations  where  an  inert  atmosphere  is  required.  Radon, 
the  emanation  from  radium,  is  drawn  off  from  a solution  of  a 
radium  salt  and  sealed  in  capillary  tubes.  These  radon  tubes  or 
"seeds”  are  used  extensively  in  medicine  or  as  the  source  of 
active  rays. 


Hydrogen 

In  addition  to  the  heavy  isotope  already  mentioned,  recent 
work  has  revealed  the  existence  of  other  new  forms  of  this 
element. 

Triatomic  hydrogen  H3  (called  hyzone  by  analogy  with 
ozone)  is  produced  during  positive  ray  analysis,  by  electronic 
bombardment  of  hydrogen  or  by  the  electrolysis  of  sulphuric 
acid  or  aqueous  potassium  hydroxide  using  a high  current  density 
(Grubb,  1923).  It  is  also  formed  when  certain  metallic  hydrides 
(NaH,  KH  or  CaH2)  are  decomposed  by  water  and  when  mineral 
acids  react  with  magnesium  or  when  sodium  amalgam  is  de- 
composed by  water  (Wendt  and  Landauer,  1922).  Although 
this  modification  of  hydrogen  has  been  observed  by  many 
investigators  it  is  generally  conceded  that  its  life  period  is  very 
short  and  a matter  of  a few  minutes. 

Atomic  hydrogen  has  been  reported  as  arising  during  the 
action  of  hydrogen  on  incandescent  metallic  filaments  at  low 
pressure  and  in  glow  discharge  in  Geissler  vacuum  tubes,  and  by 
the  action  of  ultra-violet  light  on  ordinary  hydrogen  (Bennett 
and  Thompson,  1916). 

Atomic  hydrogen  also  is  prepared  by  activating  a stream  of 
ordinary  hydrogen  under  a pressure  of  about  0-3  mm.  with  an 
alternating  current  of  0-5  amp.  at  5,000  volts.  Wood  (1921, 1922) 
found  that  this  activated  hydrogen  converted  sulphur  into 
hydrogen  sulphide  and  Bonhoel’ier  (1924)  showed  that  those 
metallic  compounds  which  undergo  reduction  when  heated  in 
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molecular  hydrogen  are  reduced  by  atomic  hydrogen  even  at 
ordinary  temperatures. 

When  this  active  hydrogen  is  passed  over  mirrors  of  germanium, 
tin,  arsenic,  antimony  and  tellurium  deposited  on  glass,  the 
metal  speedily  disappears  and  formation  of  the  corresponding 
hydride  can  be  detected  by  chemical  means.  Lead  mirrors  do 
not  react  under  these  conditions,  but  mirrors  of  bismuth,  zinc 
and  cadmium  move  along  the  tube  in  a current  of  atomic 
hydrogen  without  formation  of  a volatile  hydride.  It  has 
been  suggested  that  this  movement  of  the  mirror  is  due  to 
distillation  of  the  metal  by  the  heat  generated  in  the  com- 
bination H + H ► H2  (P.  L.  Robinson,  1933). 

Atomic  hydrogen  also  reacts  with  alkyl  halides,  and  although 
decomposition  is  imperceptible  with  methyl  fluoride,  it  proceeds 
to  100  per  cent,  with  methyl  iodide.  The  products  from  methyl 
halides  were  mainly  methane,  ethane,  hydrogen  halide  and 
halogen  (Chadwell  and  Titani,  1933). 

Para-  and  Ortho -hydro gen.  The  change  of  specific  heat  of 
hydrogen  with  temperature  is  not  in  accordance  with  expectation 
for  such  a simple  molecule.  It  was,  however,  predicted  by 
wave  mechanics  that  this  anomaly  was  due  to  the  existence  of 
two  forms  of  molecular  hydrogen : one  variety  termed  the 
ortho-form  in  which  the  wave  functions  (spin  of  protons)  are 
symmetrical  and  another  modification — the  para-form — in  which 
these  wave  functions  are  anti-symmetrical.  Under  high  pressure 
and  at  the  temperature  of  liquid  air,  para-hydrogen  which 
normally  is  present  only  to  the  extent  of  25  per  cent,  slowly 
increases  to  95  per  cent,  of  the  whole.  This  change  from  ortho- 
to  para-hydrogen  can  be  accelerated  by  electric  discharges  or 
by  the  catalytic  effect  of  charcoal.  The  specific  heat  of  para- 
hydrogen  at  low  temperatures  is  greater  than  that  of  the  ortho- 
form, and  the  latter  changes  into  the  former  with  considerable 
evolution  of  heat.  The  spectra  of  the  two  forms  are  different. 
The  band  spectra  of  ordinary  hydrogen  show  lines  due  to  the 
two  forms,  the  bands  of  para-hydrogen  being  weaker  than  those 
of  the  ortho-form. 


PERIODIC  GROUP  I 
Sub-Group  I A.  Alkali  Metals. 

Reference  has  already  been  made  to  reports  of  the  discovery 
of  element  No.  87,  eka-caesium,  by  Papish  and  Wainer. 
Samarskite,  rich  in  uranium  and  containing  traces  of  rubidium 
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and  caesium,  was  heated  in  hydrogen  chloride  so  that  a sublimate 
of  alkali  chlorides  was  obtained.  These  chlorides  were  converted 
successively  into  chlorates  and  alums,  and  the  latter  salts  frac- 
tionally crystallised.  The  final  products  of  these  operations 
showed  five  of  the  X-ray  spectral  lines  calculated  for  the  missing 
element  by  Moseley’s  rule. 


Co-ordination  Compounds  of  the  Alkali  Metals. 

The  alkali  halides  are  known  to  give  ammines  of  the  type 
MX,  yNH3  where  X is  a halogen  and  M either  lithium  or  sodium, 
whilst  y may  vary  from  i to  6,  yet  these  substances  have  but 
little  stability  (Biltz  and  Hansen,  1923).  More  recently  King 
and  Rutterford  have  obtained  co-ordinated  alkali  salts  containing 
/3-aminopropionic  acid  such  as  LiX,C3H702N,i-5H20(X==Cl, 
Br  or  I)  and  NaIC3H702N  (1931).  Sidgwick  and  his  collaborators 
have  also  prepared  notable  examples  of  co-ordinated  salts  of 
alkali  metals.  Sodium  benzoylacetone  (I)  itself  is  a salt-like 
substance  insoluble  in  benzene,  but  its  dihydrate  (II)  is  a non- 
polar compound  soluble  in  benzene  and  other  organic  solvents 
in  which  sodium  has  a co-ordination  number  of  4. 


Co-ordination  Compounds  of  the  Alkali  Metals. 
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Sidgwick  and  Brewer,  1925,  1931. 


Salicylaldehyde  gives  rise  to  compounds  of  type  III  with 
the  alkali  metal,  and  these  derivatives  are  capable  of  combining 
with  a further  proportion  of  the  aldehyde  forming  compounds 
(IV)  of  the  following  types: — LiC7H502,  C7H602;  NaC7H502, 
C7H602;  KC7H502,  C7H602;  KC7H502,  2C7H602;  RbC7H502, 
C7H602;  RbC7H502,  2C7H602,  and  with  the  corresponding 

caesium  compounds.  These  facts  indicate  for  lithium  and 
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sodium  (Hantzsch,  1906)  a co-ordination  number  4,  whereas  for 
potassium,  rubidium  and  caesium  the  number  is  6 (Sidgwick 
and  Brewer,  1925;  Brewer,  1931).  In  1932  Brady  and  Bodger 
also  found  evidence  of  chelation  in  sodium  salts  of  substituted 
o-hydroxybenzaldehydes. 

It  has  long  been  known  that  the  rarer  alkali  metals  may 
be  isolated  by  heating  their  chlorides  in  vacuo  with  a less 
volatile  metal  such  as  calcium  when  a distillate  of  the  alkali 
metal  is  obtained.  This  principle  has  been  extended  so  that 
caesium  has  been  generated  in  vacuum  tubes  or  radio  valves  by 
heating  caesium  sulphate  or  dichromate  with  zirconium  at  300 
to  500°.  From  50  to  97  per  cent,  of  the  rare  alkali  metal  may  thus 
be  liberated.  Alternatively  a mixture  of  caesium  chloride  and  an 
alloy  of  rare  earth  metals  is  heated  to  270°  in  an  exhausted  glass 
vessel  until  all  gases  are  removed.  The  mixture  is  then  heated 
more  strongly  by  radiation  from  an  electric  heater  until  caesium 
metal  is  set  free. 


Sub-group  IB.  Currency  Metals. 

Considerable  interest  attaches  to  these  three  metals  from  the 
viewpoint  of  sub-atomic  structure  since  their  position  in  the 
periodic  classification  suggests  a fundamental  univalency  (see 
Table  VIII,  page  28),  yet  this  condition  predominates  only  in 
the  case  of  silver,  the  middle  member  of  the  series. 

Bivalent  Copper.  It  has  long  been  known  that  stable  cupric 
salts  are  only  obtained  when  the  bivalent  metallic  ion  is  in  com- 
bination with  anions  of  the  stronger  acids.  Cupric  oxalate, 
nitrate,  sulphate  are  stable  and  normal,  but  not  the  corresponding 
carbonate,  nitrite  and  sulphite.  Co-ordination  of  the  cupric 
ion  with  ammonia  or  preferably  with  ethylenediamine  (en) 
enhances  the  stability  of  the  cupric  condition  as  shown  in  the 
following  tables. 


Hydrated  Salts. 

[Cu2en2H,0]I2 

[Cu2enR-OH]I2  R-OH 

[Cu2en2H20]C03 

[Cu2enH20][Cu(CN)2]2 


Anhydrous  Salts. 

fCu2en](N02)2 

[Cu2en](H2P02)2 

[Cu2en](CNS)2 

[Cu2en](CNSe)2 

[Cu2en][Cu2(CN)3]2 


H20,  CH3-OH  or  C2H5-OH 


[Cu2en]Sa08 

[Cu2en]SOa 

[Cu2en]S203 

[Cu2en]S2Q6 

[Cu2en]S306 

[Cu2en]S406 
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From  these  tables  one  may  select  the  following  salient 
points: 

(1)  Cupric  iodide  is  rendered  stable  by  co-ordination  with  two 
ethvlenediamines  acting  in  conjunction  with  one  or  two 
molecules  of  water  or  one  molecule  of  the  alcohols. 

(2)  Although  cupric  hypophosphite  and  selenocyanate  are 
incapable  of  existence  as  such  they  may  be  stabilised  by 
co-ordination  with  ethylenediamine. 

(3)  Normal  cupric  nitrite  and  carbonate  have  also  been 
stabilised  by  addition  of  this  diamine. 

(4)  Cupric  cyanide  has  not  been  completely  stabilised.  The 
complex  cyanides  always  contain  some  univalent  copper 
as  shown  in  the  table.  The  highest  ratio  of  bivalent 
copper  Cu11  : Cu1  = 1:1  is  shown  in  the  complex 
[en  Cu  - -H20-  - Cu  en]  [Cu(CN)3]2. 

(5)  The  anhydrous  complex  salts  of  the  foregoing  table  suggest 
a co-ordination  number  4 for  these  types  of  cupric  am- 
mines. 

Bivalent  copper  generally  exhibits  higher  co-ordination 
numbers  of  4,  5 and  6.  The  complexes  corresponding  with  the 
two  even  numbers  exhibit  tetrahedral  and  octahedral  symmetry 
respectively.  The  tetrahedral  arrangement  was  demonstrated 
by  Mills  and  Gotts  in  1926,  using  the  copper  derivative  (I)  of 
benzoylpyruvic  acid  C6H5C0-CH2-C0-C02H  and  the  octahedral 
distribution  was  revealed  by  W.  Wahl  in  1927  with  ethylene- 
diamminodiaquocupric  tartrate  [Cu2en2H20]C4H406,  from  which 
he  obtained  optically  active  iodides.  (II) 

Co-ordination  Compounds  of  Bivalent  Copper. 
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Mills  and  Gotts,  1926.  W.  Wahl,  1927. 

In  compounds  such  as  [Cu2en]X2  the  cupric  ion  which  is  9 
electrons  short  of  the  inert  gas  requirement  receives  eight  electrons 
from  the  two  chelate  groups.  In  the  foregoing  co-ordination 
complex  (Fig.  1)  the  cupric  radical,  which  is  seven  electrons 
short  of  the  krypton  structure,  receives  six  from  the  benzoyl- 
pyruvate  residues.  In  each  case  the  structure  is  unsaturated  to 
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the  extent  of  one  electron.  Compounds  are,  however,  known  in 
which  the  missing  electron  may  be  secured  by  sharing  a singlet 
linking  with  a loosely  attached  addendum. 
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Bivalent  copper  enters  into  a very  stable  complex  with 
the  radical  of  ethylenediaminebisacetylacetone  (III) 

CH3-C(OH) : CH-C(CH3) : N-C2H4-N:  C(CH3)-CH:  C(OH)-CH3 
this  being  an  example  of  a quadridentate  group.  The  cupric 
complex  (IV)  which  may  be  heated  to  boiling  without  decom- 
position still  retains  sufficient  residual  affinity  to  combine 
additively  with  ammonia  or  with  ethylencdiamine.  With 
compounds  of  the  type  [2H2OCu2en]I2  the  addenda  should 
contribute  12  electrons  to  the  cupric  ions  or  three  in  excess  of 
the  krypton  requirements.  But  as  in  the  case  of  six-fold  co- 
ordinated nickel  ( v . supra)  the  predominant  factor  is  probably 
the  tendency  to  establish  a symmetrical  distribution  of  associating 
units. 

Aerial  Corrosion  of  Copper.  A quantitative  study  by  Vernon 
and  Whitby  (1929)  of  the  green  patina  which  develops  on  copper 
roofs  has  shown  that  for  more  than  one  hundred  years  this 
corrosion  product  has  been  wrongly  described  in  text  books  of 
chemistry  as  a basic  copper  carbonate.  Analyses  of  several 
typical  patinas  show  that  older  specimens  consist  essentially 
of  a basic  cupric  sulphate  containing  CuS04  and  Cu(OH)2  in  the 
ratio  1:3. 

These  results  indicate  that  the  patina  is  identical  in  com- 
position with  the  mineral  brochantite  (V),  both  containing  copper 
sulphate  co-ordinated  with  three  inorganic  chelate  groups. 


Table  IX — Typical  Analyses  of  Green  Patina 
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Associated  water  (by  difference) . 


Table  X — Composition  of  Basic  Copper  Sulphate  in  Green  Patina. 
Rural  and  Urban  Samples. 

(70  Years’  Exposure  and  Upwards.) 
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Aerial  Corrosion  Patina.  1932. 
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When  taken  from  seaside  localities  the  sulphate  ion  in  the 
patina  is  more  or  less  replaced  by  chlorine  so  that  such  specimens 
correspond  with  another  mineral,  namely,  atacamite  (VI). 
These  two  types  correspond  with  a co-ordination  number  6 for 
bivalent  copper. 

Vernon  has  now  devised  a method  of  preparing  the  patina 
artificially  by  a rapid  electrolytic  method.  The  copper  object 
is  made  the  anode  of  a bath  kept  at  950  and  containing  magnesium 
sulphate  and  hydroxide  with  potassium  bromate  as  oxidising 
agent.  In  twenty  minutes  a green  patina  is  produced  which, 
however,  at  first  consists  of  a basic  sulphate  (VIII)  corresponding 
with  malachite  (VII).  On  subsequent  exposure,  corrosion 
continues  and  the  composition  of  this  artificial  patina  slowly 
changes,  becoming  more  basic  until  after  42  weeks  it  is 
CuS04,  i-63Cu(OH)2,  or  more  than  half-way  towards  the 
brochantite  type. 

Univalent  Copper.  Cuprous  salts  of  the  oxy acids  are  generally 
unstable.  For  instance,  cuprous  sulphate,  made  from  cuprous 
oxide  and  dimethyl  sulphate,  is  decomposed  by  water  yielding 
hydrated  cupric  sulphate  with  separation  of  copper.  Cuprous 
nitrate  appears  incapable  of  existence,  but  may  be  stabilised 
by  the  use  of  acetonitrile  or  succinonitrile  (H.  H.  Morgan,  1923), 
when  the  following  complex  salts  are  obtained. 


[Cu4CH3-CN]N03 


no3 


Addenda  containing  sulphur  have  a marked  effect  in  stabilising 
the  cuprous  condition.  Ethylenethiocarbamide  (etu) 

CH„-NH\ 

= I ‘ >'S 

CH2-NH/ 

was  found  by  Mr.  Burstall  and  myself  to  give  rise  to  the  following 
series : 

[Cu4etu]N03  [Cu3etu]2S04 

[Cu25etuH20](N03)2  [Cu3etu]C02CH3 
[Cu2etu]X  where  X = Cl,  Br  or  I. 

In  the  mononuclear  nitrate  the  co-ordinated  cuprous  ion  having 
received  eight  electrons  from  the  four  ethylenethiocarbamide 
molecules  now  has  the  electronic  structure  of  the  rubidium  ion 
2.  2,  2,  4.  2,  2,  4,  4,  6.  8.  This  complex  nitrate  simulates 

the  properties  of  an  alkali  salt ; it  is  colourless  and  dissolves  in 
water  to  an  almost  neutral  solution  pW  6-2.  Hence  the  co- 
ordinated cuprous  ion  behaves  as  a pseudo-alkali. 
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Univalent  Silver.  Silver  being  usually  univalent  in  its  salts 
there  is  little  need  to  discuss  them,  but  the  following  compounds 
possess  certain  analogies  with  those  of  univalent  copper. 


[Ag3etu]Cl 

[AgaetuJBr 


[Ag4etu]NOs 

[Ag23etu](NOs)2 

[Ag23etu]S20„ 


The  stability  of  the  persulphate  is  remarkable  as  is  also  the  fact 
that  the  chloride  is  not  readily  affected  by  light  but  only  after 
prolonged  exposure.  In  electronic  structure  the  foregoing 
mononuclear  nitrate  corresponds  with  caesium  nitrate. 

Bivalent  Silver.  The  earliest  observations  on  bivalent  silver 
salts  were  made  by  Barbieri  (1912),  who  first  obtained  tetra- 
pyridineargentic  persulphate  [Ag4py]S208  by  mixing  aqueous 
solutions  of  persulphate  and  silver  nitrate  containing  excess  of 
pyridine.  In  1927  this  investigator  obtained  the  corresponding 
nitrate  [Ag4py](N03)2  electrolytically  by  the  anodic  oxidation 
of  aqueous  silver  nitrate  in  presence  of  pyridine.  In  the  following 
year  Hieber  and  Muhlbauer  obtained  complex  bivalent  silver 
salts  by  using  o-phenanthroline  (phenan)  as  the  co-ordinating 
diamine.  These  salts  had  the  general  formula  [Ag2phenan]S208 
or  X2  where  X = HS04,  N03,  C103  or  C104.  In  1930  Mr.  Burstall 
and  I employed  2 : 2'-dipyridyl  (dipy)  in  stabilising  the  bivalent 
silver  ion,  and  obtained  evidence  of  the  existence  of  the  following 


salts:— [Ag2dipy]S208  or  (HS04)2;  [Ag3dipy](N03)2,  (C103)2  or 


(C104)2.  Barbieri  then  applied  his  electrolytic  method  in 
presence  of  dipyridyl  and  isolated  well-defined  salts  of  the  type 


[Ag2dipy](N03)2  or  (C104)2. 


During  the  present  year  Mr.  Burstall  and  I have  employed  a 
new  triamine,  bis-2-pyridyl-2 : 6-pyridine  (trpy),  and  have  ob- 
tained well-crystallised  specimens  of  the  following  salts: — 


Univalent  Gold.  Gold  shows  a strong  resemblance  to  copper 
in  that  its  univalent  condition  is  stablised  by  addenda  containing 
sulphur  such  as  dialkyl  sulphides,  dimethylthioethylene  and 
thiocarbamide.  In  1928  Mr.  Burstall  and  I prepared  a re- 
markably stable  series  of  aurous  compounds  by  co-ordination 
with  ethylenethiocarbamide. 


[Au2etu]N03 
[Au2etu]2S04,  2HaO 


[Au2etu]Br,  H,0 
[Au2etu]Cl,  H20 


These  compounds  possess  an  additional  interest  on  account  of 
the  use  made  of  aurous  compounds  in  chemotherapy.  The  late 
Professor  W.  E.  Dixon,  F.R.S.,  employed  the  foregoing  bromide, 


no 


with  promising  results,  in  the  treatment  of  bovine  tuberculosis. 
In  this  respect  our  compounds  containing  gold  in  the  cation 
compared  very  favourably  with  sanocrysin  or  sodium  aurothio- 
sulphate  Na3[Au(S203)2,2H20],  which  contains  its  gold  in  a 
complex  anion. 

Tervalent  Gold.  Significant  results  in  the  chemistry  of  gold 
have  been  obtained  by  Gibson  and  his  collaborators.  Diethyl- 
gold  bromide  (I)  (Pope  and  Gibson,  1907)  a dimeric  substance 
reacts  with  ethylenediamine  or  thallous  acetylacetone  yielding 
the  auric  complexes  (II  and  III).  (Gibson  and  Simonsen, 


I. 


II. 


[ 


CH.-NH, 


CHo-NHo 
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AuEt.,  Br 


]■ 


EE 

Et- 


O • CMe 
O : CMe 


\ 

/ 


CH. 


III. 


1930).  More  recently  Gibson  and  Colies  (1931)  have  obtained 
the  following  series  of  co-ordinated  auric  ammines  (IV,  V and  VI). 


IV. 


[ 


/Br 

AuC 

5i-/  \Br 


] CXI] 


Br 


V. 


VI. 


[CH.,-NIE\ 

I _ 

C.Ho-NHV 


CH,-NII„\  /NHo-CII., 

Xnh 


•CIE-i 

•CH-J 


Br, 


The  foregoing  compounds  all  indicate  a co-ordination  number  4, 
and  the  last  salt  with  2 ethylenediamines  in  the  bracket  is 
of  special  interest  as  containing  3 bromine  anions  and  a tervalent 
complex  auric  ion.  At  the  beginning  of  the  present  year  Gibson 
recorded  the  formation  of  two  more  auric  derivatives  (\  II  and 
VIII). 


VII. 


Br 


VIII. 


NH2  nh2 

! I 

CH*  - CH* 


Gibson  and  collaborators. 
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The  second  of  these  salts  contains  6-covalent  gold,  and  should 
be  capable  of  resolution  into  optical  enantiomerides.  A later 
addition  to  the  series  is  diamminodibenzyl  gold  bromide 

[ (C6H5CH2)2Au2N  H3]  Br . 

Magnetic  Properties  of  Compounds  of  the  Currency  Group. 
When  in  their  univalent  condition,  copper  and  silver  may  be 
regarded  as  having  completed  quantum  groups  of  electrons; 
the  outermost  group  in  each  case  being  eighteen.  In  their 
bivalent  ions,  however,  an  electron  is  in  each  case  withdrawn 
from  the  peripheral  groups,  leaving  an  unbalanced  number  of 
seventeen  electrons.  It  has  been  found  that  variations  in 
valency  bring  about  changes  in  magnetic  moment  which  can  be 
correlated  with  atomic  structure.  Accordingly  those  atoms  of 
the  currency  group  which  possess  completed  sub-groups  have 
either  zero  or  very  small  magnetic  moments,  and  are  diamagnetic, 
while  those  in  which  the  sub-group  is  incompletely  filled  possess 
large  magnetic  moments  and  are  paramagnetic.  The  foregoing 
facts  are  reflected  in  the  values  which  have  been  recorded  by 
Professor  S.  Sugden  (1932)  for  univalent  and  bivalent  compounds 
of  copper  and  silver.  These  values  of  the  magnetic  moment 
{jj)  are  zero  for  univalent  compounds,  and  vary  from  1-72  to 
2 • 16  Bohr  units  for  bivalent  ions  of  copper  and  silver,  and  this 
is  in  good  agreement  with  the  value  1-73  Bohr  units  predicted 
for  one  unbalanced  electron.  The  magnetic  moment  was  derived 
from  the  expression  /x  = 2-83y/yAT  where  yA  is  the  atomic  mass 
susceptibility  and  T the  absolute  temperature.  These  magnetic 
relationships  have  also  been  investigated  by  Messrs.  Bhatnagar, 
Singh  and  Ghani  (1932),  who  examined  bisethylenediammino 
cupric  nitrite,  hypophosphite  and  thiosulphate,  and  found  them  to 
be  paramagnetic  (Bohr  magnetons  1-99,  1-98  and  1-96),  whereas 
tetrakisethylenethiocarbamide  cuprous  nitrate  [CuqetuJNC^  was 
definitely  diamagnetic  with  zero  magnetic  moment. 

PERIODIC  GROUP  II 

Group  II,  A. 

This  group  is  generally  taken  to  include  beryllium,  magnesium, 
and  the  metals  of  the  alkaline  earths  including  radium. 

Beryllium,  one  of  the  technically  important  light  metals, 
has  a simple  electronic  structure  of  four  planetary  electrons, 
two  being  the  helium  pair  and  two  being  its  valency  electrons. 
It  shows  only  slight  disposition  to  form  simple  ionised  salts,  such 
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as  its  tetrahydrated  nitrate  [Be4H20](N03)2,  perchlorate 
[Be4H20](C104)2  and  double  fluoride  K2[BeF4],  but  a great 
tendency  to  give  rise  to  atomic  complexes.  Its  oxalate  is 
dimeric  and  probably  of  the  type  Be[Be(C204)2]. 

The  solubility  of  beryllia  in  a solution  of  beryllium  sulphate 
was  investigated  by  Sidgwick  and  Lewis  (1926),  who  found  that 
approximately  four  molecular  proportions  were  dissolved  for 
each  molecule  of  sulphate  and  a similar  degree  of  solubility  of 
oxide  was  observed  in  the  case  of  the  selenate.  These  facts 
suggest  that  beryllia  may  replace  water  of  crystallisation  in  the 
salts  [Be4H20]S04  or  Se04  with  formation  of  the  complex 
[Be4Be0]S04  or  Se04.  The  normal  acetate  is  unstable  and 
passes  readily  into  the  so-called  basic  acetate  Be40(C02-CH3)6> 
a completely  non-ionised  co-valent  compound  insoluble  in 
water,  but  dissolving  freely  in  organic  solvents.  From  these 
media  it  crystallises  in  the  cubic  system  (regular  oetahedra),  and 
on  the  basis  of  an  X-ray  examination  by  Sir  William  Bragg  and 
Mr.  Astbury  and  on  account  of  its  chemical  and  physical 
characteristics  it  is  regarded  as  having  the  spatial  configuration 
shown  in  the  following  figure  (I). 


The  unique  oxidic  oxygen  occupies  the  centre  of  a regular 
tetrahedron;  the  four  beryllium  atoms  are  situated  near  the  four 


vertices  of  this  solid,  the  six  edges  of  which  are  spanned  by  six 
acetate  radicals. 

Homologues  of  the  basic  acetate  have  been  prepared,  and 
they  all  have  the  general  formula  Be40(C02R)6  where  R is  ethyl, 
propyl,  isopropyl  and  trimethylmethyl  C(CH3)3.  In  the  pro- 
pionate, n-butyrate  and  fsobutyrate  homologues  of  the  basic 
acetate  in  which  one  and  two  hydrogen  atoms  of  the  original 
methyl  group  are  successively  replaced  by  methyl  the  symmetry 
of  the  crystals  is  greatly  reduced.  The  propionate  crystallises 
in  the  monoclinic  prismatic  class,  the  w-butyrate  is  probably 
crystallographically  asymmetric  and  the  i'sobutyrate  separates 
in  the  triclinic  system. 

The  pivalate  Be40[C0C(CH3)3]6,  in  which  all  three  hydrogens 
of  the  original  methyl  are  now  replaced  by  methyl  is  extremely 
soluble  in  all  organic  media  and  crystallises  from  hexane  in 
monoclinic  forms. 

In  all  the  foregoing  compounds  beryllium  exhibits  a co- 
ordination number  4,  and  the  tetrahedral  distribution  of  the 
four  associating  units  was  demonstrated  by  Mills  and  Gotts  in 
1926,  when  they  resolved  into  optically  active  forms  the  beryllium 
derivative  of  benzoylpyruvic  acid  C6H5-C0-CH2-C0-C02H 


(Fig.  II). 


H 


II. 
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Mills  and  Gotts,  1926. 


I propose  only  to  mention  one  point  concerning  the  next 
element  of  Group  II,  namely,  magnesium  (electronic  structure 
2.  2,  2,  4.  2).  This  metal  is  becoming  very  important  in 

the  manufacture  of  light  alloys  used  in  the  construction  of 
aircraft  (aeroplanes  and  seaplanes).  Its  use  in  the  latter  con- 
nection is  hindered  by  the  fact  that  magnesium  and  its  alloys 
readily  undergo  aerial  corrosion  in  presence  of  seawater.  This 
problem  has  been  investigated  at  Teddington  by  Bengough  and 
Whitby,  who,  after  making  some  600  trials,  found  that  the  most 
protective  covering  for  magnesium  alloys  is  obtained  by  coating 
the  metal  with  a film  of  selenium.  This  coating  is  readily 
applied  by  immersing  the  metal  in  a 10  per  cent,  solution  of 
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selenious  acid.  The  coating  so  produced  consists  of  a very 
thin  film  of  magnesium  selenide  covered  by  elemental  selenium, 
which  is  sometimes  precipitated  in  its  reddish-brown  form,  and 
changes  slowly  to  the  black  allotrope.  This  application  is  so 
simple  that  an  airman  could,  when  necessity  arises,  repair  the 
protective  surface  for  himself. 

Time  will  not  allow  of  any  reference  to  zinc,  cadmium  and 
mercury,  the  metals  of  Group  II,  B and  I must  also  pass  over 
calcium,  strontium  and  barium,  the  metals  of  the  alkaline  earths 
(Group  II,  A). 

Radium.  I wish,  however,  to  add  a few  additional  words  in 
regard  to  radium,  an  element  which  may  be  regarded  as  having 
a dual  personality,  as  in  “The  Strange  Case  of  Dr.  Jekyll  and 
Mr.  Hyde”  (R.  L.  Stevenson).  In  our  example  the  mysterious 
individual  with  unsuspected  characteristics  is  the  one  exhibiting 
radioactivity  and  behaving  in  a way  which  could  not  have  been 
foretold  by  reasoning  on  group  relationships.  When,  however, 
displaying  its  more  conventional  individuality,  radium  does 
everything  which  one  might  have  anticipated  of  ekabarium. 
It  is  a typical  metal  of  the  alkaline  earths.  Its  optical  spectrum 
is  composed  of  comparatively  few  lines  of  great  intensity,  the 
strongest  line  being  in  the  violet,  so  that,  as  in  the  case  of  calcium, 
strontium  and  barium,  it  might,  if  other  more  delicate  means 
were  not  available,  be  detected  by  its  spectral  lines.  Metallic 
radium  has  been  isolated  by  methods  already  used  for  barium, 
which  it  closely  resembles;  it  is  a white  metal  melting  at  700°. 
Its  compounds  continue  the  gradations  already  noticed  with  the 
three  metals  of  the  family.  It  has  the  most  soluble  hydroxide 
Ra(OH)2  and  the  least  soluble  sulphate.  Generally  its  salts 
closely  resemble  those  of  barium  as,  for  example,  the  chloride 
RaCl2,  2H20  and  its  anhydrous  and  hydrated  bromides  RaBr2 
and  RaBr,,  2H20.  The  more  sparing  solubilities  of  radium 
halides  afford  a means  of  purifying  radium  preparations  from 
contamination  with  barium  salts.  Before  leaving  radium, 
emphasis  should  be  laid  on  the  far-reaching  consequences  arising 
from  the  study  of  its  other  more  intriguing  personality.  Its 
radioactive  properties  have  extended  our  scientific  vision  into 
a world  of  magnitudes  differing  vastly  from  those  appreciated 
by  our  unaided  senses.  The  chief  emanation  from  radium  is 
the  a-particle  with  an  effective  range  in  the  atmosphere  of  about 
3-4  cm.  at  150.  The  velocity  with  which  a-particles  are  emitted 
is  9,380  miles  per  second,  and  during  this  period  one  grin,  of  pure 


radium  would  emit  about  37,000  millions  of  such  particles. 
This  number  has  been  determined  definitely  by  counting  the 
impact  of  particles  on  a luminescent  screen  of  zinc  sulphide 
placed  at  a known  distance  from  a weighed  fragment  of 
radium. 

One  acquires  some  idea  of  the  stupendous  number  of  atoms 
contained  in  one  grm.  of  radium  when  one  learns  that  in  spite 
of  the  disintegration  of  37,000  millions  of  atoms  of  radium  per 
second  the  actual  loss  of  radium  is  only  about  0-04  per  cent,  in 
one  year. 

There  is  no  reason  whatever  for  supposing  that  the  atoms  of 
non-radioactive  substances  differ  appreciably  in  magnitude  from 
the  atoms  of  radium.  Accordingly  atoms  in  general  must  be 
regarded  as  almost  infinitely  smaller  than  the  material  objects 
to  which  we  are  accustomed.  It  is  therefore  not  surprising 
that  in  spite  of  our  current  beliefs  in  the  discrete  nature  of 
ultimate  particles  (molecules,  atoms,  protons  and  electrons) 
we  nevertheless  retain  an  illusion  of  continuity  in  regard  to  all 
tangible  forms  of  matter. 

The  energy  liberated  in  radioactive  changes  is  also  note- 
worthy. One  gram  of  radium  freed  from  its  disintegration 
products  generates  25-5  calories  per  hour  or  223,000  calories 
per  year.  This  energy  is  manifested  partly  as  heat  and  partly 
as  light.  The  generation  of  energy  from  one  gram  of  radium 
with  its  disintegration  products  (radon,  radium  A,  radium  C , 
and  polonium)  amounts  to  1,231,000  calories  per  year,  and  owing 
to  the  slow  rate  of  decay  of  radium  this  generation  of  energy 
will  not  be  reduced  to  half  the  aforesaid  value  until  after  1,580 
years,  and  only  diminished  to  i/8th  after  4,740  years.  In  fact 
this  evolution  of  energy  which  is  on  a much  larger  scale  than 
that  arising  from  the  chemical  reactions  of  comparable  masses 
will  continue  indefinitely,  although  at  a steadily  diminishing  rate. 

PERIODIC  GROUP  III 

Boron.  The  fact  that  boron  and  hydrogen  form  volatile 
hydrides  was  first  noticed  by  Davy  in  1810,  and  subsequently 
confirmed  by  several  later  investigators,  and  notably  by  Ramsay 
and  Hatfield,  who  in  1901  showed  that  the  product  was  a com- 
plicated mixture  of  volatile  substances. 

The  first  systematic  investigation  of  boron  hydrides  was 
instituted  by  Stock  and  his  collaborators  in  1912,  and  is  still  in 


progress.  It  has  already  led  to  remarkable  developments. 
When  magnesium  or  preferably  beryllium  boride  is  dropped 
into  moderately  strong  hydrochloric  acid  a mixture  of  gaseous 
substances  is  obtained  which,  after  washing,  drying  and  con- 
densing in  liquid  air,  is  separated  into  its  constituents  by  frac- 
tional distillation.  Altogether  some  seven  or  more  hydroborons 
have  been  identified  and  are  now  given  in  increasing  order  of 
molecular  complexity  :-B2H„  B4H10,  B,H„  BSHU.  B„H10, 

Ihe  electronic  structure  of  these  hydrides  is  still  uncertain, 
but  there  seems  to  be  no  escape  from  the  view  that  some  of  the 
hydi  ogen-boron  attachments  are  singlets  involving  only  one 
electron.  As  each  singlet  is  equivalent  to  half  a co-valency  it 
may  be  said  that  the  theory  of  integral  valencies,  which  was 
founded  by  Kekule  on  the  hydrocarbons  has  now  foundered 
on  the  hydroborons.  The  simplest  hydroboron,  B2H6,  b.p. 
— 87-887760  mm.,  the  so-called  boroethane  is  not  a primary 
product  of  the  decomposition  of  metallic  borides  with  acid,  but 
arises  from  a decomposition  of  more  complex  borohydrides 
such  as  B4H10.  Decomposition  by  heat  leads  mainly  to  B10H14. 

1 he  reactions  of  B2H6  with  ammonia  are  noteworthy.  The  first 
product  is  B2H6(NH3)2,  which  on  heating  gives  a very  stable 
compound  B3H6N3  ( v . infra).  When  electrolysed  in  liquid 
ammonia,  B2H6  has  a conductivity  which  is  said  to  be  due  to  the 
diammine  acting  as  an  ammonium  salt  [B2H4][NH4]2.  As  a 
secondary  reaction  the  [B2H4]—  and  the  [NH4]+  resulting  from 
the  electrolysis  yield  hydrogen  and  B2H6NH2  or  [B2H3NH2]H2, 
which  is  still  feebly  acidic,  and  its  ammonium  salt  undergoes 
further  electrolysis  into  hydrogen  and  B2H4(NH2)2  or 
[B2H2(NH2)2]H2.  From  these  experiments  it  may  be  deduced 
that  B2H6  in  certain  circumstances  has  the  structure 
[Fi2]++>  in  which  two  hydrogens  in  B2H6  differ  from  the 
other  four.  The  hydroboron  B2H6  has  been  formulated  as 
containing  4 singlet  hydrogens,  but  the  foregoing  experiments 
suggest  that  there  are  only  two  exceptionally  situated  hydrogens. 

The  second  hydroboron,  B4H10,  b.p.  16-177760,  which  is 
the  main  product  of  the  action  of  acids  on  metallic  borides, 
readily  passes  into  B2HC  and  hydrogen.  It  also  reacts  additively 
with  ammonia,  giving  B4H104NH3,  the  electrolysis  of  which 
implies  that  in  this  hydroboron  four  hydrogens  are  differently 
situated  to  the  other  six.  Stock  suggests  that  these  two  simplest 
hydrides  in  certain  circumstances  may  become  partly  ionised 
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as  [B2H4][H2]  and  [B4H6][H4].  These  formulations  may  be 
expanded  into  the  following  structures: 
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which  indicate  that  two  hydrogens  in  B2H6  and  four  in  B4H10  are 
singly  linked,  and  it  is  probably  these  which  interact  with  2 and 
4 molecules  of  ammonia  respectively.  In  these  formulations 
each  boron  nucleus  is  associated  with  seven  electrons,  but  it  is 
just  possible  that  the  singlet  hydrogen  electron  may  be  shared 
with  both  boron  nuclei,  thus  completing  the  octet  in  each  case. 
This  sharing  of  an  electron  between  three  nuclei  has  not  hitherto 
been  accepted  as  an  explanation  of  such  anomalies,  but  it  may 
be  worthy  of  further  consideration.  However,  these  views  are 
speculative,  and  will  probably  need  modification  in  the  light  of 
future  research.  Stock  and  his  collaborators  have  recently 
shown  that  with  high  voltages,  electrolysis  of  B4H10  in  liquid 
ammonia  proceeds  beyond  B4Hb(NH2)4  or  [B4H2(NH9)4]H4  to 
B4H4(NH2)6,  and  finally  to  B4(NH2)6. 


The  stable  compound  B3H6N3  obtainable  both  from  B2H6 
and  from  B4H10  possesses  a stable  cyclic  structure  of  a more 
conventional  type  I. 


^NH BH\ 

x HB  NH 

' \ / 
NH BH 


HC1 


Hv  /OH, 

\ 1/ 

H NH B 

h2o  \ / \ 

> B NH  n 

^ \ / 

HN B 


[Cl] 

NH2 BH 


IV.  HB 


-BH 


NH2[C1] 


h2o 


71 


oh2  h 


HC1 


Cl 


Clx  .OH, 

\ ^ 

NH  B 


h2o 


B 

\ 


NH  in. 


NH B 


OH,  Cl 


NH, 

[Cl] 


58 


With  cold  water  this  cyclic  tri-imide  gives  a trihydrate  II  which 
interacts  with  hydrogen  chloride  to  form  the  trichlorinated 
product  (III)  with  liberation  of  hydrogen.  If,  however,  the 
anhydrous  compound  I is  treated  with  hydrogen  chloride  it 
gives  a salt-like  substance  IV  in  which  the  NH  groups  react 
like  ammonia. 

These  are  only  a few  examples  of  the  reactions  manifested 
by  the  hydroborons  and  serve  to  illustrate  the  complications 
of  this  new  field  of  inorganic  chemistry. 
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Although  a simple  hydride  BH3  is  not  known,  the  correspond- 
ing alkyl  derivatives  were  prepared  long  ago  by  E.  Franldand. 
Boron  trimethyl  has  the  remarkable  property  of  combining  with 
ammonia  to  yield  a stable  solid  additive  compound  which  has  ?. 
definite  melting  point  and  can  be  distilled  without  decomposition. 
The  electronic  structure  of  this  compound  and  of  similar  additive 
products  of  ammonia  and  boron  halides  is  readily  explained 
in  terms  of  electronic  linkings.  In  boron  trimethyl  the  boron 
atom  completes  its  octet  by  accepting  the  lone  pair  of  electrons 
from  the  nitrogen  of  the  ammonia  molecule.  The  resulting 
compound  (CH3)3B^NH3  probably  consists  of  two  tetrahedra 
joined  by  their  vertices  as  shown  in  the  formula  (I)  which  I 
advocated  for  this  substance  in  1914.  This  formulation  is  also 
applicable  to  the  combinations  of  boron  trihalides  with  liquid 
ammonia,  F3B<-NH3,  or  with  any  organic  esters  (1932). 

The  other  figure  (II,  p.  58)  illustrates  a curious  series  of  boron 
compounds  investigated  by  Dilthey  (1905),  who  replaced  two 
chlorine  atoms  in  boron  trichloride  by  two  acetylacetone  radicals 
with  extrusion  of  the  remaining  chlorine  into  the  anion.  The 
resulting  salt  is  stabilised  by  conversion  into  ferrichloride, 
aurichloride  or  platinichloride.  In  spite  of  the  complexity  shown 
by  the  hydroborons,  the  constitution  of  boron  compounds  is 
generally  explicable  on  the  view  that  boron  is  a tervalent  element 
with  a tendency  to  assume  the  4-covalent  condition.  The 
borotungstates  [B(W207)6]R19,  however,  are  exceptional,  since 
in  these  complex  salts  the  element  appears  to  have  a co-ordina- 
tion number  6 (see  Heteropolybasic  Acids  and  Salts,  p.  88). 
As  regards  the  much  more  usual  co-ordination  number  of  4,  it 
is  highly  probable  that  the  associating  units  are  arranged 
tetrahedrally  round  the  central  boron,  for  in  1924  Boeseken  and 
Meulenhoff  obtained  a strychnine  salt  of  borosalicylic  acid 
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having  optical  activity  due  to  the  boron  complex. 

Aluminium.  The  next  element  in  Group  III  is  the  metal 
aluminium  which  derives  its  name  from  the  well-known  series 


of  double  salts— the  alums,  Rr2S04,Al2(S04)324H20,  where  R1 
may  be  ammonium  or  any  alkali  metal  except  lithium. 
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The  selenate  group  Se04  may  replace  the  sulphate  group  S04 
in  aluminium,  chromium  iron,  and  manganese  alums. 

Co-ordination  Theory  and  Principle  of  Isomorphism 

In  the  foregoing  alum  formula  the  aluminium  may  be  replaced 
isomorphously  by  quite  a number  of  other  elements  such  as 
gallium,  indium,  titanium,  vanadium,  chromium,  manganese, 
iron,  cobalt,  rhodium  and  iridium,  and  the  sulphur  may  be 
replaced  by  selenium,  giving  rise  to  selenium  alums.  Moreover, 
the  potassium  may  be  replaced  by  NH4,  Rb  or  Cs,  and  some- 
times by  Na  or  Tl1. 

The  co-ordination  theory  has  extended  considerably  our 
conceptions  of  isomorphism,  and  has  furnished  an  explanation 
of  certain  long-known  anomalies  such  as  the  isomorphism  of 
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sodium  nitrate  >N.ONa,  and  calcium  carbonate  0:C 


Ca. 


These  compounds  now  become  Na[N03]  and  Ca[C03]  with  a 
similar  arrangement  of  oxygens  round  nitrogen  or  carbon. 

Supposed  exceptions  to  the  principle  of  isomorphism  are 
displayed  in  the  series  tabulated  long  ago  by  Marignac  where 
univalent  fluorine  is  gradually  replaced  by  bivalent  oxygen: 


K2TiF6,  HjO 
K2CbOF6,  H20 

k2wo2f4i  1 IaO 


CuTiFe,  -jH-.O 
CuCbOiq,  pL.O 
Cu\YO,l'  „ 4 1 HO 


Here  again  in  the  light  of  the  co-ordination  theory  we  see  a 
constant  6-covalent  grouping  of  oxygen  or  fluorine  atoms  round 
the  metallic  element  titanium,  columbium  or  tungsten.  Dr. 
T.  V.  Barker  gathered  together  many  other  apparent  anomalies 
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in  a paper  published  in  1912.  One  of  the  isomorphous  series 
cited  bv  Barker  was  I\2S04,  K2BeF4  and  (NMe4)2HgCl4.  In 
1929  his  collaborator,  Curjel,  extended  this  suggestion,  and  ob- 
tained two  remarkable  new  alums,  K2BcF4,Al2(S04)3,24H20  and 
K2ZnCl4,Al2(S04)3,24H20.  These  two  alums  of  novel  type 
revealed  the  close  analogy  existing  between  berylliofluorides 
and  zincochlorides  on  the  one  hand,  and  the  sulphates  on  the 
other.  In  1931  N.  N.  Ray  established  the  isomorphism  of 
BaBeF4  and  BaS04  by  X-ray  analysis. 

The  fact  that  aluminium  compounds  manifest  in  certain 
cases  an  octahedral  structure  has  been  demonstrated  by  the 
optical  resolution  of  the  complex  oxalate  K3[A1(C204)3]  by 
Wahl  in  1927,  and  later  by  Treadwell,  Szabados  and  Haiman, 
who  in  1932  also  obtained  an  optically  active  form  of  the  catechol 
derivative 


In  these  instances  aluminium  has  a co-ordination  number  six, 
although  in  certain  intermediate  compounds  formed  during  the 
Friedel  Craft  reaction  the  lower  co-ordination  number  four  is 
exhibited. 

The  Rare  Earths. 

The  third  periodic  group  contains  all  the  metals  of  the  rare 
earths  with  the  exception  of  quadrivalent  thorium. 

We  have  already  seen  that  scandium  is  the  starting  point 
of  the  first  transition  period,  which  includes  iron,  cobalt,  nickel, 
copper  and  zinc,  and  merges  back  into  the  normal  series  at 
gallium.  It  is  therefore  not  surprising  to  find  that  scandium 
presents  certain  analogies  with  the  transition  elements  as  well 
as  with  the  metals  of  the  rare  earths. 

Recent  researches  indicate  that  scandium  in  its  more  complex 
derivatives  reveals  a strong  resemblance  to  the  tervalent  elements 
of  the  iron  family.  The  following  scandium  compounds, 

(NH4)3[Sc(SCN)0]4H2O,  K3[Sc(SCN)6]4H20  and  Na3[Sc(SCN)6]  I2H20 

are  isomorphous  with  the  corresponding  thiocyanates  of  the 
iron  family,  and  the  acetylacetones  of  iron  and  scandium  are 
also  isomorphous  (Urbain  and  Sarkar,  1927). 
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Yttrium  and  lanthanum  follow  scandium  as  the  starting 
points  of  the  second  and  third  transition  series.  Apart  from  the 
three  valency  electrons  contained  in  two  outer  electronic  sub- 
groups, they  behave  as  elements  with  completed  cores, 
Sc  2 8 8 (3);  Y 2 8 18  8 (3);  and  La  2 8 18  18  8 (3). 
Their  salts  are  colourless  and  diamagnetic.  The  succeeding 
metals  of  the  rare  earths  from  cerium  to  lutecium,  all  members 
of  the  transition  sub-series,  are  incomplete  electronically  in  the 
antepenultimate  (fourth  quantum)  group.  In  this  family  the 
first  three  elements,  cerium,  praseodymium  and  neodymium, 
exhibit  in  diminishing  degree  a quadrivalency  that  crops  up 
again  unexpectedly  at  terbium,  which  furnishes  a black  peroxide 
Tb407  to  TbOa.  Three  others,  namely,  samarium,  europium 
and  ytterbium,  manifest  a lower  diadic  valency.  In  general, 
these  rare  earth  metals  reveal  the  incompleteness  of  their  inner 
quantum  groups  by  their  characteristic  absorption  spectra, 
the  colour  of  th’eir  oxides  and  salts  and  the  paramagnetic 
properties  of  their  compounds.  Dysprosia,  Dy203,  is  twelve  times 
as  paramagnetic  as  ferric  oxide. 

Element  61.  An  examination  of  the  L series  of  X-ray  lines 
in  samples  of  rare  earths  purified  by  successive  crystallisation 
as  double  magnesium  nitrates  3Mg(N03)2,2Rra2(N03)3,  and  as 
bromates  showed  lines  corresponding  closely  with  those  calculated 
for  No.  61  by  Moseley’s  law.  This  discovery  was  made  almost 
at  the  same  time  (1926)  by  Hopkins  and  his  co-workers  in 
America  and  by  Rolla  and  Fernandes  in  Italy.  The  former 
propose  the  name  illinium,  and  the  latter  fiorentium  for  this 
element.  Its  solutions  are  stated  to  give  an  absorption  spectrum 
which  is  obliterated  by  the  presence  of  neodymium  or  samarium. 

A convenient  method  of  converting  rare  earth  oxides  into  the 
corresponding  anhydrous  chlorides  was  devised  during  the 
period  1902-1910  by  Matignon  and  Bourrion,  who  passed 
chlorine  and  the  vapour  of  sulphur  chloride  over  the  heated 
oxide.  The  oxygen  is  removed  as  sulphur  dioxide  and  a residue 
of  the  chloride  remains  4La203  -f-  3S2C12  + gCl2  — 8LaCl3+6S02. 
This  method  may  also  be  applied  to  other  refractory  oxides 
(A1203,  Cr203,  V203,  etc.),  and  even  to  sulphates  (BaSO,,  RaS04, 
etc.).  By  mixing  the  oxide  or  sulphate  with  sulphur  and  heating 
in  a stream  of  bromine  the  corresponding  anhydrous  bromide 
is  produced. 
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Gallium  and  Indium. 

Gallium  acetylacetone  was  first  prepared  in  1921  by  Dr. 
Drew  and  myself  from  two  specimens  of  metallic  gallium  formerly 
in  the  collections  of  Lecoq  de  Boisbaudran  and  Professor  C.  James. 
The  product  was  compared  with  aluminium  and  indium  acetyl- 
acetones,  and  the  three  compounds  found  to  be  sufficiently 
stable  to  sublime  at  140°  under  10  mm.  pressure,  although  this 
stability  diminishes  with  the  rise  in  atomic  weight.  Barker, 
who  examined  these  specimens  of  gallium  and  indium  acetyl- 
acetones  crystallographically,  found  them  to  be  dimorphous. 
He  also  showed  that  they  linked  up  with  the  acetylacetones  of 
aluminium,  scandium  and  iron  to  present  collectively  a case  of 
isotrimorphism.  The  following  diagram  indicates  the  chemical 
constitution  of  the  acetylacetones  of  Periodic  Group  III. 
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Thallium.  The  last  element  of  Group  III  has  so  many 
remarkable  affinities  with  metals  outside  its  own  periodic  family 
that  it  is  justly  entitled  to  the  term,  chemical  ornithorhynchus, 
applied  to  it  long  ago  by  Dumas.  In  its  univalent  condition 
it  displays  analogies  with  the  alkali  metals  and  with  silver.  In 
its  elemental  condition  and  in  its  tervalent  state  it  shows  certain 
resemblances  to  lead.  As  in  the  case  of  lead  the  fundamental 
tervalency  of  thallium  is  revealed  in  the  formation  of  its  organic 
derivatives. 

Menzies  and  Cope  (1932),  following  on  work  by  Freudenberg 
in  1919,  found  that  thallous  chloride  or  ethoxide  T10C2H5  reacted 
with  Grignard  reagents  such  as  magnesium  ethyl  bromide,  with 
deposition  of  thallium  and  formation  of  a salt,  Et2TlX,  containing 
tervalent  thallium.  Unlike  the  feebly  basic  T1203,  the  dialkyl- 
thallic  hydroxides  (Alk)2T1.0H  are  strong  bases  (A.  E.  Goddard, 
1922),  which  form  well-defined  salts.  Their  co-ordinated 
derivatives  with  /Tdiketones  (I)  or  with  salicylaldehyde  (II)  are 
of  special  interest,  since  they  are  volatile  and  soluble  in  benzene 
(Menzies,  Sidgwick,  Cutcliffe  and  Fox,  1928;  and  Menzies  and 
Wiltshire,  1932). 
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I hallous  acctylacetone  is  a useful  reagent  for  preparing  complex 
substances  of  a similar  type.  Thus  trimethylplatinic  iodide 
(Pope  and  Peachey,  1909)  and  thallous  acetylacetone  react  in 
benzene  with  formation  of  a volatile  platinum  derivative 
(Menzies,  1928)  and  deposition  of  thallous  iodide. 
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PERIODIC  GROUP  IV. 

Organic  compounds  as  such  being  outside  the  scope  of  this 
survey  I shall  as  regards  carbon  refer  only  to  one  series  of  its 
derivatives,  namely,  the  metallic  carbonyls. 

Metallic  Carbonyls.  The  best  known  of  these  substances  is 
nickel  carbonyl,  discovered  by  Dr.  Ludwig  Mond  (1S90),  who 
made  it  the  basis  of  his  process  for  the  extraction  of  this  metal. 
It  is  a colourless  liquid  obtained  by  the  interaction  of  carbon 
monoxide  and  nickel  under  atmospheric  pressures  and  tem- 
peratures. Above  its  boiling  point  (430)  it  readily  dissociates 
into  its  generators. 

Cobalt  gives  rise  to  two  characteristic  carbonyls.  The 
tetracarbonyl  of  dimeric  structure  [Co(CO)4]2,  obtained  by  the 
interaction  of  its  generators  under  pressure,  forms  transparent 
orange  crystals  which  react  with  nitric  oxide  to  give  a nitroso- 
carbonyl  NO-Co(CO)3,  a red  liquid  boiling  at  78-6°.  When  left 
for  several  days  the  tetracarbonyl  gives  rise  to  cobalt  tricarbonyl 
Co(CO)3,  or  possibly  [Co(CO)3]4. 

Iron  and  carbon  monoxide  combine  under  pressure  to  furnish 
iron  pentacarbonyl  Fe(CO)5  as  a pale  yellow  viscid  liquid  b.pt. 
io2°/76o,  which  by  the  action  of  light  is  decomposed,  yielding 
orange  red  crystals  of  a more  complex  nonacarbonyl  Fe2(CO)9, 
and  this  compound  when  heated  in  an  inert  atmosphere  in 
presence  of  an  organic  solvent  gives  green  crystals  of  Fe(CO)4, 
or  more  probably  [Fe(CO)4]3. 

The  iron  carbonyls  interact  witli  various  co-ordinating 
molecules  sucli  as  pyridine,  ethylenediamine,  nitric  oxide  and 
the  alcohols. 

Iron  tetracarbonyl  and  pyridine  give  successively  Fe(CO)3, 
C6H6N  and  Fe2(CO)4,  3C6II6N,  and  when  iodine  is  present 
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l'e(CO)2)  I2,  2C5H5N.  Nitric  oxide  may  be  substituted  for  carbon 
monoxide  in  many  of  the  carbonyls.  Iron  tetracarbonyl  yields 
(NO)2Fc(CO)2,  while  by  complete  substitution  the  pentacarbonyl 
ultimately  gives  rise  to  Fe(NO)4. 

The  problem  of  the  chemical  structure  of  these  metallic 
carbonyls  and  their  derivatives  present  many  complexities,  and 
there  is  room  for  more  investigation.  So  far  it  appears  very 
unlikely  that  these  metallic  carbonyls  contain  the  group  CO  in 
a condition  comparable  with  that  of  the  carbonyl  radical  in 
organic  compounds.  Dadieu  and  Kohlrausch  in  1930  showed 
that  the  C : O group  in  ketones,  aldehydes  and  esters  is  associated 
with  a Raman  displacement  of  1,500  to  1,700  cm-1,  whereas 
Rasetti  in  1929  found  for  carbon  monoxide  itself  a shift  of 

4- 

2,155  cur1  which  agreed  with  the  structure  C=0.  Observations 
of  the  Raman  effect  in  the  metal  carbonyls  should  accordingly 
discriminate  between  a co-ordinated  structure  and  any  cyclic 
structure  with  ketonic  C=0  groupings.  Last  year  J.  Stuart 
Anderson  photographed  the  Raman  spectrum  of  nickel  carbonyl 
and  found  a strong  line  corresponding  with  a displacement  of 
2,038  enr1  together  with  certain  diffuse  lines  of  displacement 
up  to  450  cnr1.  Dadieu  and  Schneider  have  since  examined 
in  detail  the  Raman  spectrum  of  nickel  carbonyl,  finding  shifts 
of  2,125  and  2,039  cm-1  corresponding  with  the  carbon-oxygen 
linking  together  with  lines  at  595,  456,  379  and  80  cm-1,  the 
four  latter  being  attributed  to  the  fundamental  frequencies  of  a 
tetrahedral  molecule. 

Hence  the  Raman  effect  shows  that  the  carbon  monoxide  is 
present  in  the  molecules  of  metal  carbonyls  as  such  for  the 
slight  difference  between  Rasetti’s  value  2,155  cm-1  for  free 
carbon  monoxide,  and  the  doublet  2,125  cm-1  and  2,039  cnr1 
found  in  nickel  carbonyl  is  attributable  to  changes  brought  about 
by  co-ordination  with  consequent  redistribution  of  polarities. 

Moreover,  as  a result  of  their  determination  of  the  electric 
dipole  moment  of  nickel  carbonyl,  Sutton  and  Bently  (1932) 
suggest  a symmetrical  structure  for  nickel  carbonyl  as  being  most 
in  harmony  with  physical  evidence. 
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The  dipole  moment  0-3  x io~ls  esu  is  of  the  order  which  would 
be  expected  for  the  atom  polarisation  of  such  a molecule,  and 
the  moment  may  be  taken  to  be  zero  with  a high  degree  of 
probability.  This  physical  evidence  is  in  full  accord  with  the 
chemical  properties  of  the  metal  carbonyls. 

The  carbonyls  of  the  three  allied  metals,  iron,  cobalt  and 
nickel,  differ  very  remarkably  in  physical  and  chemical  properties, 
and  certainly  they  do  not  form  a homologous  series.  Of  the 
platinum  metals  only  ruthenium  has  so  far  yielded  a carbonyl 
Ru(CO)2,  an  orange  solid,  and  there  is  some  indication  of  a 
higher  carbonyl. 

Mond  had  found  that  finely-divided  molybdenum  unites 
under  pressure  with  carbon  monoxide  to  give  molybdenum 
carbonyl  Mo(CO)6  a white  nacreous  solid  which  sublimes  at 
30-40°,  and  dissolves  in  organic  solvents  such  as  benzene. 
Recent  research  has  shown  that  this  substance  is  the  middle 
member  of  a homologous  series  of  similarly  constituted  carbonyls. 

By  acting  on  chromic  chloride  with  phenylmagnesium  bromide 
in  presence  of  carbon  monoxide,  Job  and  Cassal  (1926-27) 
prepared  white  crystals  of  chromium  carbonyl  Cr(CO)6,  and 
subsequently  in  1928  Job  and  Ronivillois  by  a similar  process 
obtained  tungsten  carbonyl  W(CO)6  in  colourless  laminated 
crystals  subliming  at  50°. 

The  foregoing  structural  formula  suggests  that  each  of 
the  four  carbon  atoms  of  nickel  carbonyl  is  contributing  a 


co-ordination  linking  to  nickel  which  has  already  28  planetary 
electrons,  and  as  each  co-ordinate  linking  furnishes  two  electrons 
the  four  will  contribute  8,  making  the  number  required  to  bring 
nickel  to  the  krypton  number  of  36.  In  the  case  of  iron  with 
atomic  number  26  the  ten  additional  electrons  are  similarly 
supplied  by  the  5 carbons  of  iron  pentacarbonyl.  In  the  case 
of  cobalt  tetracarbonyl  the  effective  atomic  number  27  + 8 is 
still  an  electron  short  of  the  inert  gas  number.  This  degree  of 
unsaturation  may  account  for  some  of  the  peculiarities  of  cobalt 
carbonyl — its  dimeric  condition  and  its  ready  change  into  a 
still  more  complex  tricarbonyl. 

The  carbonyls  of  the  sixth  group  may  be  formulated  in  ac- 
cordance with  the  views  advocated  for  nickel  carbonyl.  Chromium, 
molybdenum  and  tungsten  are  each  12  electrons  short  of  the 
next  inert  gas  number,  and  these  12  electrons  are  supplied  by 
the  six  co-ordinate  linkings  in  the  carbonyl  derivatives 
j^R  {•*—  C j;0}6],  and  the  six  carbon  monoxide  groups  are  probably 
arranged  octahedrally  around  the  metal. 
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The  metals  of  the  alkalis  and  alkaline  earths  give  rise  to 
carbonyls  of  very  different  type  to  those  already  discussed. 
Combination  occurs  between  carbon  monoxide  and  the  alkali 
metals  and  the  metals  of  the  alkaline  earths  when  these  are 
dissolved  in  liquid  ammonia.  In  each  case  the  number  of  carbon 
monoxide  molecules  added  to  the  metal  corresponds  with  its 
valency.  Alkali  metals  furnish  carbonyls  of  the  type  R‘CO, 
whereas  those  of  the  alkaline  earths  give  R“(CO)2.  Both  series 
are  non-volatile.  The  potassium  compound  is  stated  to  detonate 
in  air  at  ioo°,  a property  which  recalls  an  old  observation  made 


in  regard  to  the  explosive  by-product  formed  during  the  pre- 
paration of  potassium  by  heating  potassium  carbonate  with 
carbon.  The  carbonyls  of  the  alkaline  earth  metals  are  yellow 
pulverulent  masses  which  on  heating  decompose  to  form  the 
corresponding  carbonate  and  basic  oxide  with  a deposition 
of  carbon. 

Brief  reference  may  be  made  to  carbon  sub-oxide  OC:C:CO, 
a third  and  entirely  different  type  of  carbonyl  derivative,  for 
this  compound  illustrates  the  way  in  which  organic  research 
sometimes  assists  in  the  production  of  comparatively  simple 
molecules.  Originally  obtained  by  dehydrating  malonic  acid 
with  phosphoric  oxide,  carbon  sub-oxide  is  best  prepared  after 
Otta  and  Schmidt’s  method  by  pyrolysis  of  diacetyltartaric 
anhydride.  Quite  recently  (1933)  C.  D.  Hurd  and  F.  U.  Pilgrim 
have  shown  that  this  process  may  be  carried  out  in  simple 
apparatus  with  a 41  per  cent,  yield  of  the  product. 

Germanium. 

For  many  years  after  its  discovery  by  Clemens  Winkler 
(1886)  germanium  remained  one  of  the  rarest  of  elements  until 
a new  source  of  its  compounds  was  found  in  certain  residues  from 
American  zinc  ores  which  sometimes  contain  0-25  per  cent,  of 
germanium  dioxide. 

This  opportunity  was  turned  to  good  account  by  Professor 
L.  M.  Dennis,  of  Cornell  University,  and  our  present  knowledge 
of  this  interesting  member  of  the  Fourth  Periodic  Family 
(Mendeleef’s  ekasilicon)  is  largely  derived  from  the  researches  of 
the  Cornell  laboratory.  The  metal  fits  into  its  anticipated  place 
between  silicon  and  tin  and  like  these  two  elements  it  displays 
a considerable  tendency  to  unite  with  alkyl  and  aryl  radicals, 
so  that  its  organic  chemistry  is  already  quite  varied  and  extensive. 
Winkler’s  discovery  of  germanochloroform  showed  that  ger- 
manium exhibits  a striking  relationship  to  the  two  typical  group 
elements  carbon  and  silicon.  Many  other  halogen  derivatives 
of  germanium  have  been  described  by  Dennis  and  his  co-workers. 
The  hydrides  made  by  treating  a germanium  magnesium  alloy 
with  dilute  hydrochloric  acid,  GeH4,Ge2H6  and  Ge3H8,  recall  the 
paraffins  and  the  corresponding  silicon  hydrides  SiH4,  Si.2H6 
and  Si3H8. 

Fixe  hydrogen  in  monogermane  GeH4,  like  that  in  methane, 
is  readily  substituted  by  halogens  giving  rise  to  the  following 
series,  GeHCl3,  GeH2Cl2,  GeH3Cl,  GeHBr3,  GclI2Br2,  and  GeH3Br, 
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all  volatile  liquids  under  atmospheric  conditions.  The  com- 
pletely substituted  monogermanes  are  known.  The  fluoride 
GeF4  is  obtained  by  thermal  decomposition  of  BaGeF6,  or  by 
distilling  a mixture  of  germanium  dioxide,  calcium  fluoride  and 
sulphuric  acid.  This  fluoride,  a colourless  gas,  fuming  strongly 
in  air,  has  a pungent  garlic-like  odour,  and  when  cooled  by  liquid 
air  it  forms  white  crystals  which  sublime  without  melting  under 
ordinary  conditions.  The  fluoride  melts  to  a clear  mobile  liquid 
at  — 15°/3,032  mm.,  and  does  not  attack  glass  if  quite  dry. 
The  chloride  GeCl4,  a fuming  liquid  boiling  at  86°,  m.p.  — 490, 
bromide  GeBr4,  a colourless  solid  m.p.  26°,  b.p.  1860,  and 
iodide  Gel4  an  orange  solid  m.p.  1440,  b.p.  350-400°  with  dis- 
sociation, are  all  obtained  by  direct  combination  of  germanium 
and  halogen.  The  tetrafluoride  is  the  basis  of  a series  of  double 
salts  known  as  germanifluorides  M^GeFg.  The  tetrachloride 
and  tetraiodide  co-ordinate  with  ammonia  and  other  amines 
giving  rise  to  products  of  which  the  following  are  typical 
members:  [GexNH3]Cl4,  where  x = 6,  8 or  16;  [Ge6NH2Et]I4; 
[GeioNFlEt2]I4;  [Ge5NEt3]I4,  and  [GexNH2C6H5]I4,  where 
x = 4,  6 or  10.  In  liquid  ammonia  the  tetrachloride  furnishes 
an  imide  Ge(NH)2,  which  on  heating  passes  successively  into 
Ge2N3H  and  Ge3N4. 

Many  compounds  of  bivalent  germanium  have  been  investi- 
gated, such  as  the  three  dihalides  GeCl,,  GeBr2  and  Gel2: 
GeCl4+Ge[35o°]-*2GeCl2  yellow  solid.  The  lower  oxide  GeO 
is  a jet  black  compound  subliming  at  710°.  The  sulphide  is 
obtained  by  the  action  of  hydrogen  sulphide  on  the  dichloride. 
The  hydride  (GeH2)x,  a yellow  polymeric  substance,  corresponding 
with  this  series,  has  been  reported  as  arising  from  the  hydrolysis 
of  calcium  germanide  CaGe.  A monohydride  (GeH)x  has  been 
obtained  as  a brown  powder  by  the  action  of  cold  water  on 
sodium  germanide. 

The  higher  oxide,  Ge02,  a dense  white  powder,  is  amphoteric, 
dissolving  in  acids  to  form  germanic  salts  and  in  alkalis  to  ydeld 
germanates.  The  corresponding  white  disulphide  GeS2  is  pre- 
cipitated by  hydrogen  sulphide  from  germanic  compounds. 

Hafnium. 

Although  indications  of  element  72  were  obtained  by  Urbain 
in  1911  and  by  Dauvillier  in  1922,  the  discovery  and  characterisa- 
tion of  this  element  are  due  to  Coster  and  Hevesy  (1923). 
Hafnium  is  present  in  varying  amounts  in  zirconium  minerals. 
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Table  XI 

Germanium  (Ekasilicon). 


Silicon.  Germanium. 

(Winkler,  1886.) 

Oxidic  Minerals.  Occurrence.  Sulphidic  Minerals. 

4Na  + SiCl4  = Si  + 4NaCl  Isolation.  K2GeF6  + 4K  = Ge  + 6KF 
4K+  K2SiF6  = Si  + 6KF  GeOa  + 4H,  = Ge  + 4HaO 

Ge02  + 2C  = Ge  + 2CO 


Metallic  Crystals.  Free  Element, 

d = 2-35  m.p.  1420° 

SiH4  from  Mg2Si  Hydrides. 

Si2H6  from  Li6Si2 
Si3H  8 

SiHClj  b.p.  330  SiHF3  Halides. 

SiF4  (colourless  gas) 
yields  K2SiF6  etc. 

SiCl4  b.p.  58°  m.p. — 89° 


SiOa  Trimorphous  Oxides. 


Greyish  White  Metal 
d = 5-469  m.p.  900° 

Germanium-Magnesium  Alloy  yields. 
GeH4  gas  b.p. — 165°  Ge2H6  b.p. — 290 
Ge3H8  b.p.  no° 

GeHCl3  b.p.  750  GeX2  + HX  = GeHX3 
GeF4  (colourless  gas)  yields  K2GeF6  etc. 
GeCl4  (colourless  liquid  b.p.  86°, 

m.p.— 490) 

GeBr4  (colourless  solid  m.p.  26° 

b.p.  1 86°) 

Gel4  orange  solid  m.p.  144° 

GeCl2,  GeBr2,  Gel2  solids 

GeO  black  Ge02  white 


SiS2  white  needles 

decomposed  by  water 


Sulphides. 


GeS  greyish-black  GeS,  white 


[SiAc3]AuCl4 


Acetylacetones.  [GeAc2X2]  X = Cl  or  Br 
Ac-univalent  [GeAc3]CuCl2 

radical. 


Some  of  these  sources  contain  as  much  as  30  per  cent,  of  hafnia, 
and  quite  commonly  this  oxide  is  present  in  commercial  zircon- 
ium compounds  to  the  extent  of  1 per  cent. 

Hafnium  shows  a greater  similarity  to  zirconium  than  to 
thorium.  It  forms  an  oxide  Hf02,  which  is  still  amphoteric, 
although  more  basic  than  zirconia.  It  exhibits  normal  valency 
in  its  sulphide  HfS2.  Its  fluoride  readily  forms  hafnofluorides, 
which  are  isomorphous  with  the  zirconofluorides  as,  for  instance, 
(NH4)2[HfF6],  (NH4)3[HfF7],  K2[HfF6],  and  K3[HfF7],  which  are 
soluble  in  water.  The  latter  ammonium  salt  has  been  shown 
crystallographically  to  be  made  up  of  units  of  (NH4)2[HfF6] 
and  NH4F. 

Hafnium  tetrachloride  resembles  zirconium  chloride;  it  is 
a white  crystalline  solid  volatile  at  250°.  It  is  hydrolysed  succes- 
sively to  oxychlorides  HfOCl2,  and  Hf203Cl2,5H.,0.  The  latter 
oxychloride  is  less  soluble  than  the  corresponding  zirconium 
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compound,  and  may  therefore  be  used  in  the  separation  of  the 
two  elements.  The  iodide  Hfl4  has  also  been  obtained.  Hafnia 
is  somewhat  more  basic  than  zirconia.  The  following  salts  have 
been  prepared,  sulphate,  Iif(S04)2  which  decomposes  at  500°, 
whereas  zirconium  sulphate  begins  to  decompose  at  400°,  also 
K2[Hf0(S04)2]3H20,  and  phosphates  Hf0(H2P04)2,  HfO(HP04) 
and  Hf0(P0“)2. 

Table  XII 

Hafnium  (Eka-Zirconium). 

Zirconium.  Hafnium. 

A.  No.  40.  A.W.  91  A.  No.  72.  A.W.  178-6. 

(4  isotopes).  Coster  and  Hevesy,  1923. 

Klaproth,  1788. 


Zircon  ZrSi64. 

Baddeleyite  ZrO,. 

Occurrence. 

In  zirconium  minerals  as  Hf02  up  to  30%. 
Commercial  zirconium  compounds  con- 
tain about  1%  of  Hf. 

Zr  m.p.  1530°  C.  d.  6-4 
K,ZrF6  + 2Mg  (or  A1  or  Fe) 
2KF  + 2MgF2  + Zr. 

Free  element. 

Hf  m.p.  2,220°  C.  d.  13-1. 

Hfl4 > Hf  + 2I,. 

HfCl4  + 4Na  = Hf  + 4NaCl. 

Zr02  incandescent  at  high 
temperatures,  amphoteric 
Iv2Zr03  ( K2Si03,  Zn03) . 

Oxide. 

HfOa  incandescent  at  high  temperatures, 
amphoteric  oxide,  but  more  basic  than 
Zr02. 

ZrF4  yields  zirconofluorides, 
K2ZrF6  K3ZrF7 
(NH4)2ZrF6  (NH4)3ZrF7. 

Hafnofluorides 
isomorphous 
with  zircono- 
fluorides. 

HfF4  yields  hafnofluorides  soluble  in  water. 
More  soluble  than!  K2HfF6  K3HfF7 
the  corresponding  (NH4)2HfF6(NH4)3HfF7 
zirconofluorides.  J 

ZrCl2-(ZrCl3  ?)ZrCl4 
sublimes  at  400°. 

ZrOCl2,  8H20. 

Zr203Cl2,  5H20  more  soluble 
than  Hf  analogues. 

Chlorides. 

HfCl4  volatile  at  250°  hydrolysed  to 
HfOCU  and  Hf203Cl2,  5H20,  less  soluble 
than  the  Zr  analogues. 

Zrl4. 

Iodide. 

Hfl4. 

2ZrCl4,  PC15,  less  volatile. 

Complex 

chlorides. 

2HfCl4,  PC15,  more  volatile. 

Zr(S04)2  decomposes  at 
400°. 

[Zr0(S04)2]H2>3H20. 

Salts. 

Hf(S04).,  decomposes  at  500°. 
Hf0(H2P04),Hf0(HP04)  and  HfO(P03)2 
very  insoluble.  [IIf0(S04)2]K2,  3H20. 

Zr(C6H702)4,  ioH20  and 
anhydrous. 

Acetylacetones. 

Hf(C5H702)4,  ioHaO  and  anhydrous. 

Zr  deoxidiser  in  steel. 

Zr02  in  crucibles  and 

Uses. 

In  tungsten  filaments. 

refractories,  enamels. 


Hafnium  and  zirconium  may  be  separated  by  fractional 
crystallisation  of  the  fluorosalts  Am2HfF6  and  K2HfF6.  These 
hafnium  salts  are  more  soluble  than  the  corresponding  zircono- 
fluorides.  Moreover  the  compounds  2HfCl4,  PC15  and  2ZrCl4,PCl5 
may  be  separated  by  fractional  distillation,  the  hafnium  com- 
pound being  the  more  volatile.  The  complex  carbide  HfC,4TaC 
probably  has  the  highest  melting  point  of  any  known  substance 
(4,215°  Abs.  3,942°  C.). 

All  the  elements  of  the  fourth  group  except  carbon  have 
been  combined  with  acetvlacetone  radicals,  and  the  following 
tabulation  shows  the  change  of  type  as  the  series  is  ascended: 

/C(CH3)  • Ov  v 

> GeX 

\C(CH3):0''  /2 
X = Cl  or  Br. 

VI  /(CH,)-0\\  1 [(  /(CHTOx  \ 4 

(CH^  >)  Ge  CuX2  (CH\  >)  Ge  |Cu,Br3. 

L\  XC(CHg) : O'*  / 3 J L\  \c(CH3):Oy  /3  J 

X2  = C'l2  or  Br.,. 

[SiAc3]AuCl4  [GeAc3]CuX2 

[GeAc2X2]  " [SnAc2X2]  PbAc,. 

[TiAc3] FeCl4  [ZrAcflCl.  CeAc3 

ZrAc4  CeAc4  ThAc4. 

ZrAc4,ioH20.  HfAc4 

HfAc4,ioH20. 

Fig.  io. 

Hafnium  acetylacetone  has  been  prepared  both  as  anhydrous 
Hf(C5HT02)4  and  with  ioH20  (Hevesy  and  Logstrup,  1926). 
Hence  it  accords  closely  with  the  zirconium  compound. 


Ill 

PERIODIC  GROUP  V. 

Active  Nitrogen.  When  nitrogen  is  subjected  to  silent  electric 
discharge  it  is  partly  changed  into  an  active  modification  which 
is  unstable  and  returns  to  the  ordinary  state  with  emission  of  a 
yellow  glow.  This  active  nitrogen  has  been  studied  extensively 
by  Lord  Rayleigh  since  1911,  who  found  that  in  this  activated 
state  nitrogen  can  take  part  in  many  chemical  reactions  which 
do  not  occur  with  the  ordinary  gas.  Activated  nitrogen  gives  a 
bright  blue  flame  with  iodine  vapour  and  a pale  blue  flame  with 
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sulphur.  With  active  nitrogen,  hydrocarbons  furnish  hydro- 
cyanic acid,  whereas  sulphur  chloride  gives  rise  to  nitrogen 
sulphides.  The  vapours  of  metals  such  as  mercury,  cadmium 
and  zinc  form  nitrides,  with  alkali  metals  azides  are  produced 
together  with  some  nitrides.  It  is  thought  by  some  workers  that 
this  activated  nitrogen  contains  the  element  in  the  atomic 
condition,  but  other  authorities  (Willy  and  Rideal,  1928)  suggest 
that  the  active  gas  consists  of  metastable  molecules  of  nitrogen. 
Again  it  is  supposed  to  contain  the  more  complex  N3. 

Active  nitrogen  has  a characteristic  spectrum,  and  it  promotes 
a strong  bluish-green  phosphorescence  with  uranium  nitrate, 
zinc  sulphide,  caesium  chloride  and  alkaline  earth  chlorides 
(E.  P.  Lewis,  1923).  This  phenomenon  has  been  observed  in 
other  salts  by  Tiede  and  Scheede  (1923). 

Nitrogen  Fluorides.  The  fruitful  researches  of  Ruff  and  his 
collaborators  have  increased  considerably  our  knowledge  of  the 
compounds  of  fluorine,  and  reference  has  already  been  made 
under  the  heading  of  valency  to  iodine  heptafluoride  and  osmium 
octafluoride. 

In  1928  Ruff  described  the  following  nitrogen  fluorides: — 

Nitrogen  Trifluoride,  NF3,  prepared  by  the  action  of  fluorine 
on  ammonia,  also  arises  as  one  product  of  the  electrolysis  of 
ammonium  hydrogen  fluoride  NH4F,HF.  It  is  a colourless  gas, 
b.p.  — 1190,  m.p.  below  — 210°,  which  is  remarkably  stable, 
and  in  that  respect  stands  in  marked  contrast  to  the  highly 
explosive  nitrogen  trichloride.  Nitrogen  trifluoride  is  insoluble 
in  water,  and  not  attacked  by  this  liquid,  although  when  sparked 
in  the  presence  of  water  vapour  interaction  occurs  with  formation 
of  hydrogen  fluoride  and  oxides  of  nitrogen.  Hydriodic  acid 
and  sodium  both  decompose  nitrogen  trifluoride  which,  however, 
does  not  react  at  ordinary  temperatures  with  mercury,  glass  or 
aqueous  alkalis. 

Table  XIII 

Nitrogen  Fluorides. 

(Ruff  and  collaborators,  1928.) 

NF3  fluorine  and  ammonia,  or  electrolysis  of  NH4F,  HF, 
colourless  gas  b.p. — 1190,  m.p.  ca — 210°. 

NHF2  b.p.— 770.  Decomposed  by  water. 

NH2F  b.p. — 65°,  m.p.  ca— 1250.  Fluoramine  utilisable  as  an  animating 
agent. 

NH2F  + NH3  = NH2-NH2  + HF  (colloid  catalyst) 
C6H5-NH2  + NH2F  = C6H5-NH-NH2  + HF 
C6H5-OH  + NH2F  = £-NH2-C6H4-OH  + HF 


74 


Nitrogen  hydrogen  difluoride,  NHF2,  b.p.  —65°  and  m.p. 
ca.  — 1250  and  nitrogen  dihydrogen  fluoride  NH2F  b.p.  — 770 
are  both  formed  in  the  electrolysis  of  acid  ammonium  fluoride. 
The  former  is  decomposed  by  water  and  reacts  with  sodium,  the 
latter  is  fairly  stable,  but  reduces  Fehling’s  solution  and  yields 
nitrogen  with  aqueous  ammonia. 

Constitution  of  Nitric  Acid.  An  important  pronouncement 
was  made  in  1925  by  Hantzsch  and  Wolf  on  the  nature  of  nitric 
acid,  when  they  suggested  that  the  concentrated  acid  was  an 
equilibrium  mixture  of  the  pseudo-acid  HON02,  the  true  acid 
present  as  its  hydroxonium  salt  [H20H][N03]  and  the  salt-like 
nitronium  nitrate  [(H0)3N][N03]2.  The  amount  of  hydroxonium 
salt  is  almost  neglible  in  nearly  anhydrous  nitric  acid,  but  pro- 
gressive addition  of  water  causes  first  hydrolysis  of  the  nitronium 
salt  and  then  the  conversion  of  the  pseudo  acid  into  the  true 
acid  or  its  hydroxonium  salt. 

This  conception  of  nitronium  salts  is  supported  by  the  isolation 
from  mixtures  of  almost  anhydrous  nitric  and  perchloric  acids  of 
the  perchlorates  [(H0)3N](C104)2  and  [(H0)2N0]C104;  these 
products  can  be  recrystallised  from  perchloric  and  nitric  acids 
respectively.  The  above-mentioned  investigators  consider  that 
these  facts  afford  evidence  for  the  theory  that  strength  of  acids 
is  to  be  measured  not  by  their  ability  to  furnish  hydrogen  ions 
but  by  their  tendency  toward  salt  formation. 

Table  XIV 


Constitution  of  Nitric  Acid. 
(Hantzsch  and  Wolf,  1925.) 
Concentrated  acid  as  an  equilibrium  mixture. 
HO-NOe  ^ [H20.H][N03]  ^ [(HO)3N][NO,]s 
pseudo  acid  hydroxonium  salt0nitronium  nitrate 
[(H0)3N][N03],  + H20^  (HOl^NO^H-NO, 

1 

H20  -f  HONOj 


Fluor ophosphoric  Acids  and  Salts. 

By  partial  hydrolysis  of  phosphoryl  fluoride  POF3  with  cold 
dilute  alkali  or  preferably  by  heating  phosphoric  acid  with 
ammonium  fluoride,  W.  Lange  discovered  in  1929  difluoro- 
phosphoric  acid  HP02F2,  which  is  conveniently  isolated  as  its 
nitron  salt.*  This  acid,  which  has  a slight  resemblance  to 

* Nitron,  C20H]6N4,  is  diphenyl-3 : 5-endanilo-4 : 5-dihydro-i : 2 : 4- 
triazole,  C0H5.N.N:C.N(C6H5).CH.N.C6H5,  a monoacidic  heterocyclic  base 
which  has  an  insoluble  nitrate. 
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perchloric  acid,  is  characterised  by  the  formation  of  such  salts 
as  the  following: — ammonium,  tetramethylammonium,  potas- 
sium and  cadmium  difluorophosphates.  These  crystalline  salts 
dissolve  in  water  to  neutral  solutions,  and  mild  hydrolysis  with 
dilute  alkali  converts  them  into  the  corresponding  salts  of  mono- 
fluorophosphoric  acid  H2P03F.  The  ammonium  salt  of  this  new 
acid  is  also  obtained  by  interaction  of  phosphoric  oxide  and 
ammonium  fluoride,  whereas  the  free  acid  is  produced  by  dis- 
solving phosphoric  oxide  in  40  per  cent,  hydrofluoric  acid. 


Table  XV 

Fluorophosphoric  Acids  (with  Analogues). 
1.  H[P02F2]  and  H[C104] 


- 0 “ 

~ O ~~ 

_ O ~" 

f » p ; f 

or  H 

F.P.F 

H 

o;ci:o 

0 

O 

O 

K[P02F2]  f(CH3)4N][P02F2] 

NH4[P02F2]  Cd[P02F2]2 


2.  H2[P03F]  and  H2[S04] 


O _ 

O ~ 

~ 0 — 

h2 

orp’.F 

or  H2 

0;  P;F 

h2 

o:s : 0 

0 

0 

0 

Ag2[P03F] 

Pb[P03F] 

Hg[P03F] 


K2[POsF] 

(NH4)2[P03F] 

(NH4)H[P03F] 


3-  H[PF6] 


II 


F 


F 

F 


F 


X = P,  As  or  Sb. 


KPF6  (NH4)  [PF6] 

Ba[PF6]2  [Cu5NH3][PF6]2,  H20 

[Ni  or  Co6NH3](PFe)2  [Cu2enH20](PF6)2 
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This  acid  gives  a silver  salt,  Ag2P03F,  from  which  the  correspond- 
ing sodium,  potassium  and  ammonium  salts  can  be  derived. 
The  last-mentioned,  on  heating,  yields  the  acid  ammonium  salt 
NH4HP03F.  Fluorophosphates  of  mercury,  lead  and  alkaline 
earth  metals  have  also  been  prepared.  They  are  remarkably 
stable  in  neutral  or  alkaline  solution,  but  are  decomposed  by 
hot  acids.  These  fluorophosphates  show  some  analogy  with 
the  sulphates. 

Hexafluorophosphoric  acid  (phosphorofluoric  acid)  HPF6 
produced  by  the  action  of  strong  hydrofluoric  acid  on  difluoro- 
phosphoric  acid,  is  conveniently  isolated  as  the  nitron  salt  which 
serves  as  a source  of  other  hexafluorophosphates.  In  general 
those  metals  which  yield  sparingly  soluble  perchlorates  give 
sparingly  soluble  well-crystallised  hexafluorophosphates  such 
as  the  ammonium  and  barium  compounds  and  many  salts  with 
organic  bases.  The  ammonium  and  potassium  salts  have  also 
been  obtained  by  the  action  of  ammonium  or  potassium  fluoride 
on  phosphorus  pentachloride. 

The  PF6  ion  also  appears  as  the  anion  of  such  co-ordination 
compounds  as  [Cu5NH3][PF6]2,H.,0,  [Cu2enH20](PF6)2,  [Ni  or 
Co6NH3](PF6)2. 

Lange  has  indicated  that  arsenic  and  antimony  give  rise  to 
analogous  acids  HAsFe  and  HSbF6. 

The  foregoing  fluorophosphoric  acids  furnish  another 
example  of  the  way  in  which  the  co-ordination  theory  extends 
our  conception  of  isomorphism.  Reference  was  made  to  the 
analogies  between  difluorophosphates  and  perchlorates  and 
those  between  fluorophosphates  and  sulphates.  The  co-ordination 
formulae  demonstrate  these  analogies. 

(The  dots  indicate  the  electrons  derived  from  the  central 
element,  and  the  crosses  those  derived  from  oxygen  or  fluorine.) 

Arsenic. 

Arsenic  compounds  furnish  examples  of  complexes  corre- 
sponding with  co-ordination  numbers  4 and  6,  and  in  each  case 
the  spatial  distribution  of  the  co-ordinating  units  has  been 
demonstrated  by  the  production  of  optically  active  forms. 
Mills  and  Raper,  in  1925,  resolved  the  4-covalent  />-carboxy- 
phenylmethylethylarsine  sulphide  I,  and  in  the  same  year 
Rosenheim  and  Plato  obtained  an  active  form  of  the  6-covalent 
catechol  derivative  II. 
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Table  XVI 

Arsenic. 


Cacodyl  Series.  (CH3)„As-As(CH3)2  (Cadet,  1760.) 

1/  A 

(CH3)2AsX  (Bunsen,  1839.)  { (CH3)2As  }20 

X = F,  Cl,  Br,  I or  CN.  (Cahours,  1854.) 

(CH3),AsX3  — > CH3AsX2 


Baeyer  (1858). 


Optically  Active  Compounds. 
4-covalent  type. 


6-covalent  type. 


I. 

ch3  c6h4co2 

^As^ 

H 

H 

As  ( /0YY) 

c2h/ 

\0  A/ ' . 

(Mills  and  Raper,  1925.) 
Cacodyl  analogues. 


(Rosenheim  and  Plato,  1925.) 

Antimony. 


(CH3)3SbX2  — > (CH3)2  SbX  — > {(CH3)2Sb}20 

X = Cl,  Br,  I or  CN.  | A(CH3)2  Sb-  Sb(CH3)2 
(CH3)2SbX3(/  — > CH3SbX2 
(Morgan  and  Davies,  1925,  with  Yarsley,  1926.) 


Antimony. 

This  metalloid  differs  from  arsenic  in  showing  far  less  affinity 
for  carbon,  and  this  difference  is  reflected  in  the  organic  chemistry 
of  the  two  elements.  Cacodyl  and  its  derivatives  were  dis- 
covered quite  adventitiously  by  Cadet  de  Gassicourt  in  1760, 
whereas  the  antimony  analogues  were  only  obtained  in  1925 
by  Morgan  and  Davies,  who  isolated  the  halides  (CH3)2SbX, 
and  gave  evidence  for  the  existence  of  antimony  cacodyl 
(CH3)2Sb  • Sb(CH3)2. 

Group  V contains  a family  of  metallic  elements  about  which 
time  does  not  permit  of  lengthy  reference,  although  the  chemistry 
of  vanadium  is  particularly  varied  and  interesting.  Two  acetyl- 
acetones  were  obtained  by  Morgan  and  Moss.  The  former  (I), 
a brown  compound  derived  from  tervalent  vanadium,  and  the 
latter  (II)  a green  substance  corresponding  with  quadrivalent 
vanadium.  The  latter  indicates  an  odd  co-ordination  number  5. 
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Table  XVII 


Co-ordination  Compounds  of  Vanadium. 


•O  : C(CH3 


.0  • C(CH 


I. 


II. 


Colourless. 


k2[vof5] 


K3[VF6] 
(NH4)3[VO,F4] 
Golden  Yellow. 


Golden  Yellow. 


k2[vo2f3] 


Co-ordination  Compounds  of 


Columbium. 


Tantalum. 


Rb[CbFs] 
K2[Cb0F5]H20 
Readily  Sol. 
K2[CbF7] 


Sparingly  Sol. 
K3[TaF8] 


Cs[TaF6] 

I\2[TaF7] 


Tantalum.  The  co-ordination  compounds  of  tantalum  also 
exhibit  anomalous  co-ordination  numbers.  The  well-known 
sparingly  soluble  double  fluoride  Iv2[TaF7]  used  in  separating 
the  metal  from  columbium  is  a case  in  point.  There  is  also  a 
more  regular  salt  K3[TaF8]. 

Tantalum,  molybdenum,  tungsten,  and  probably  columbium, 
give  rise  to  lower  chlorides  of  general  type  (RC12)3,  which  furnish 
a singular  group  of  chloroacids  H[R3C17],  where  R=Ta,  Mo  or  W. 

Proto  actinium.  (Element  91,  ekatantalum.)  An  interesting 
extension  to  the  chemistry  of  Group  V and  to  our  knowledge 
of  radioelements  was  made  when  protoactinium  was  discovered 
independently  and  almost  simultaneously  by  Hahn  and  Meitner 
in  1917,  and  by  Socldy  and  Cranston  in  1918.  The  importance 
of  this  discovery  may  be  gauged  by  the  fact  that  the  new  element 
is  the  parent  of  the  actinium  series  of  radioelements.  It  has 
recently  (1928)  been  obtained  by  A.  von  Grosse  in  weighable 
quantities  as  its  oxide  Pa205  on  working  up  large  quantities  of 
Joachimsthal  pitchblende  residues.  After  initial  purification 
the  protoactinium  was  present  to  the  extent  of  only  7X  io~6  per 
cent.  Other  radioactive  substances  were  first  removed  by 
hydrofluoric  acid  and  the  residue  then  consisted  of  oxides  of 
titanium,  zirconium,  hafnium,  iron,  phosphorus,  columbium, 
and  tantalum,  and  in  addition  silver  sulphate  and  water.  Fusion 
with  potassium  carbonate  and  leaching  with  water  removed  the 
more  acidic  oxides  as  alkali  phosphate,  tantalate  and  columbate. 
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Protoactinium  oxide  remained  in  the  insoluble  residue,  which 
was  either  warmed  with  sulphuric  acid  or  fused  with  sodium 
bisulphate.  Hydrochloric  acid  was  added  and  the  protoactinium 
precipitated  as  phosphate  together  with  zirconium  and  hafnium. 
The  alkali  fusion  and  phosphate  precipitation  are  repeated,  and 
further  purification  is  effected  by  fractional  crystallisation  of  the 
oxychlorides  from  concentrated  hydrochloric  acid.  In  this 
way  zirconium  oxide  was  obtained  containing  about  6 per  cent, 
of  protoactinium.  A final  purification  was  accomplished  either 
by  precipitating  protoactinium  as  oxalate  from  hydrochloric 
acid  solution  or  by  addition  of  thoria  to  the  mixture  of  oxides. 
By  precipitation  as  oxalate  70  to  90  per  cent,  of  the  proto- 
actinium is  co-precipitated  with  thorium,  which  is  subsequently 
removed  as  fluoride  and  the  protoactinium  oxide  precipitated 
from  the  filtrate  by  ammonia.  Protoactinium  oxide  Pa205 
is  a heavy  white  powder  which  scarcely  emits  light.  The  half- 
life  period  of  protoactinium  deduced  from  the  activities  of  the 
pure  oxides  of  this  element  and  uranium  is  about  20,000  years, 
whereas  its  milligram  activity  is  622,000  units.  By  1930,  von 
Grosse  had  obtained  some  50  mg.  of  pure  pentoxide,  so  that  he 
was  able  to  compare  its  reactions  with  those  of  tantalum  pentoxide. 
His  study  of  the  new  oxide  showed  that  the  relationship  of 
protoactinium  to  tantalum  is  less  close  than  that  of  radium  to 
barium.  The  differences  are  summarised  as  follows: — 

(1)  Protoactinium  pentoxide  dissolved  in  fused  sodium  bi- 
sulphate or  warm  concentrated  sulphuric  acid,  whereas 
tantalum  pentoxide  is  scarcely  soluble  in  these  reagents. 

(2)  Protoactinium  oxide  is  insoluble  in  fused  potassium 
carbonate  and  leaching  out  of  the  fusion  leaves  an  insoluble 
residue  of  Pa205,  whereas  Ta205  dissolves  in  the  fused 
carbonate,  and  the  product  dissolves  in  water  to  a clear 
solution. 

(3)  Protoactinium  oxide  is  precipitated  by  hydrogen  peroxide 
from  sulphuric  acid  solution  while  tantalum  oxide  is  not 
so  deposited. 

(4)  Both  Pa205  and  Ta^  dissolve  in  hydrofluoric  acid  and 
are  precipitated  from  this  solution  by  ammonia. 

This  summary  indicates  that  Pa205  is  definitely  basic,  thus 
differing  from  Ta205,  and  pentoxides  of  columbium  and  vanadium 
which  are  acidic  or  amphoteric. 
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The  foregoing  differences  are  not,  however,  sufficient  to  put 
protoactinium  out  of  the  tantalum  group;  they  suggest  that  the 
relationship  is  similar  to  that  subsisting  between  thorium  and 
hafnium,  the  former  element  gives  an  essentially  basic  oxide, 
whereas  the  latter  furnishes  an  amphoteric  oxide.  These 
conclusions  have  been  confirmed  quite  recently  (1932)  by  the 
work  of  Gratias  and  Collie  on  very  small  quantities  of  proto- 
actinium. 


PERIODIC  GROUP  VI. 

Time  will  not  permit  me  to  speak  in  any  detail  of  the  pheno- 
menon of  allotropy  which  is  specially  characteristic  of  the  non- 
metallic  elements  of  Group  VI.  In  addition  to  ozone  03  there  is 
another  form,  named  oxozone,  to  which  the  molecular  formula 
04  is  attributed  (C.  D.  Harries,  1910),  and  there  is  also  atomic 
oxygen  which,  according  to  Langmuir  (1915),  and  to  Harteck 
and  Kopsch  (1929),  forms  in  oxygen  when  this  gas  is  subjected  to 
silent  electric  discharge  under  1 mm.  pressure.  Several  organic 
compounds,  such  as  methyl  alcohol,  benzene  and  acetylene,  are 
decomposed  completely  by  this  active  gas,  forming  carbon 
dioxide  and  monoxide  with  water  and  hydrogen.  These  de- 
compositions are  accompanied  by  an  intense  luminescence. 
Hydrogen  chloride  and  bromide  are  both  attacked  by  active 
oxygen  yielding  water  and  the  free  halogen.  Carbon  tetra- 
chloride and  other  chlorinated  methanes  are  oxidised  with  for- 
mation of  carbonyl  chloride,  hydrogen  chloride,  water  and 
oxides  of  carbon. 

Many  allotropic  modifications  of  sulphur  are  recognised, 
some  of  which  are  undoubtedly  mixtures.  The  best  known 
variety  is  S8  or  S\,  which  occurs  in  the  two  enantiotropic  forms  of 
rhombic  and  monoclinic  sulphur;  these  when  dissolved  in 
appropriate  solvents  exist  as  octatomic  molecules  S8.  Above 
its  melting  point  sulphur  changes  into  other  forms,  S7r  or  S4, 
and  insoluble  amorphous  sulphur  S/x.  Another  form,  S p or  S6, 
is  obtained  by  the  decomposition  of  sulphur  compounds.  When 
kept  at  the  ordinary  temperatures  these  forms  pass  into  the 
rhombic  form  of  S\.  Selenium  presents  similar  examples  of 
allotropy.  A reddish-brown  form  precipitated  on  magnesium 
alloys  (v.  supra)  changes  into  the  black  modification.  One  may 
in  passing  refer  to  the  allotropy  exhibited  by  phosphorus  which 
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has  been  traced  to  two  fundamental  varieties — white  and 
violet  phosphorus. 

Hydrogen  Peroxide. 

A new  variety  of  hydrogen  peroxide  has  recently  been  obtained 
which  may  represent  the  isolation  of  a more  labile  tautomeric 
form  II  of  this  substance 


HO 


II. 


I. 


HO 


It  is  produced  by  the  action  of  atomic  hydrogen  on  oxygen  at 
the  temperature  of  liquid  air.  The  colourless  glassy  peroxide 
possesses  the  correct  ratio  of  hydrogen  to  oxygen,  and  gives 
ordinarv  hydrogen  peroxide  (I)  with  partial  decomposition  at 
— 1150  (Geib  and  Harteck,  1932). 

Selenium  and  Tellurium. 

I have  referred  several  times  to  the  combination  of  various 
elements  with  the  univalent  radical  of  acetylacetone,  a powerful 
chelate  group  which  has  given  wings  to  many  metals  since  their 
acetylacetones  are  frequently  volatilisable  without  decomposition 
(e.g.  those  of  Al,  Be,  Ga,  In,  Sc,  and  Th). 

When  the  tetrachloride  of  selenium  interacts  with  acetyl- 
acetone or  its  copper  salt,  or  when  tellurium  tetrachloride  is 
condensed  with  acetylacetone  itself,  noteworthy  interactions 
occur,  for  in  both  these  cases  a bivalent  organic  radical  attaches 
itself  to  the  metalloid.  But  a systematic  study  of  these  con- 
densations by  Dr.  H.  D.  K.  Drew  and  myself  showed  that  the 
radical  combining  with  selenium  is  not  the  same  as  that  which 
attaches  itself  to  tellurium.  In  the  former  case  the  selenium 
chloride  promotes  the  usual  median  enolisation  of  the  diketone 
CH3-CO-CH2-COCH3 > CH3C(OH) : CH  • COCH3,  whereas  tel- 

lurium tetrachloride  induces  an  unusual  terminal  enolisation 

CH3-  CO  • CH2- COCH3 >-  CH2 : C(OH)  • CId2-  C(OH) : CH2,  with  the 

result  that  selenium  acetylacetone  has  formula  I,  whereas 
tellurium  acetylacetone  dichloride  has  the  configuration  of  an 
organo-metalloidal  compound  II,  and  yields  on  reduction  with 
bisulphite  tellurium  acetylacetone  itself,  which  is  really  cyclo- 
telluropentane-3 : 5-dione  (Ila).  The  systematic  elucidation  of 
these  constitutions  was  the  united  effort  of  many  workers 
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extending  over  a period  of  five  years,  and  it  is  too  long  a story 
to  be  told  in  detail. 


II. 
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There  are,  however,  two  points  which  may  be  mentioned. 

(i)  When  selenium  acetylactone  is  treated  with  an  alkali 
bisulphite  the  following  change  takes  place  quantitatively: 

/S03K 

(C5H602:)2Se3  + 4KHSO3  = 2C5H802  + 2Se< 

\SO3K 

Acetylacetone  is  regenerated  with  production  of  potassium 
selenodithionate,  this  being  by  far  the  best  method  of  producing 
the  salts  of  selenodithionic  acid  and  even  the  acid  itself, 
which  was  obtained  in  the  form  of  a 50  per  cent,  aqueous  solution, 
(C5H602:)2Se2  T-  4H2S03  = 2C5H802  -f  2Se(S03H)2.  This  result 
is  another  illustration  of  the  way  in  which  organic  research 
assists  in  the  synthesis  of  comparatively  simple  inorganic 
substances. 

(ii)  The  hypothesis  that  tellurium  tetrachloride  induces 
terminal  enolisation  of  acetylacetone  was  demonstrated  in 
many  ways,  and  one  of  these  was  to  effect  a condensation  with 
acetic  anhydride  in  which  the  median  methylene  group  is  re- 
placed by  oxygen.  If  enolisation  occurs  at  all  in  acetic  anhydride 
it  must  be  terminal.  Such  interactions  with  tellurium  tetra- 
chloride showed  that  this  condition  is  realised  and  condensation 
occurs  with  one,  two  or  four  molecular  proportions  of  the 
tetrachloride. 
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CH, 


CH, 


\ / 
TeCl2 


TeCl2<^ 


CH2CO*H 


ch,co,h 


<ch2-co2h 
ch2co2h 

Yellow  and  Colourless 
Forms. 

m.p.  140-141°. 


Table  XVIII 
o 

/\ 


HOC 


COH 


CH, 


TeCL 


CH, 


TeCI, 


I (TeCl4)2 


CH2 

I 

TeCI, 


CH, 


TeCI, 


TeCL 


Cl3TeCH2-CO,H 


Te  CH2-C02H 

Te  CH2-C02H 
Ruby  Red  Prisms. 


CH. 


TeCI, 


TeCI, 


III. 


m.p.  144 


[ch<£L 

Red  and  Black 
Forms. 


After  hydrolysis  two  of  the  three  intermediate  products 
contain  TeCl3,  and  one  includes  TeCl2.  On  reduction  mono- 
and  di-telluroacetic  acids  are  obtained,  whereas  methylene- 
bistelluritrichloride  (III)  is  converted  into  a compound  containing 
two  tellurium  atoms  associated  with  one  methylene  group. 
This  product  occurs  in  two  allotropic  forms.  Here  again  organic 
research  has  led  to  a substance  of  comparatively  simple  type 
containing  94-8  per  cent,  of  tellurium. 

An  interesting  simplification  in  the  chemistry  of  tellurium 
was  made  in  1929  when  H.  D.  K.  Drew  showed  that  the  two 
forms  (a  and  /3)  of  dimethyltelluridi-iodide  previously  formulated 
by  Vernon  (1920,  1921)  as  cis-  and  trans- planar  compounds, 
possess  the  structures: 

(CH3)2TeI2  [(CH3)3Te][TeCH3I4] 

a form  /3  form 

(red)  (green) 

There  is,  thus,  no  longer  any  direct  evidence  in  support  of  the 
view  that  these  tellurium  derivatives  are  co-planar.  Tellurium 
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compounds,  therefore,  fall  into  line  with  similarly  constituted 
sulphur  and  selenium  derivatives  and  possess  a tetrahedral 
distribution  of  valencies. 

Chromium. 

Chromium  differs  from  the  other  metallic  members  of  Group  VI 
in  forming  a remarkable  series  of  stable  well-defined  chromam- 
mines  such  as  [CrCl5NH3]Cl2,  [Cr6NH3]Cl3,  [Cr3en]Cl3. 

Table  XIX 
Chromammines. 

[Cr6NH3]R3  [Cr3en]R3  [Cr2enpr]R3 
[Cr5NH3H20]R3  [Cr4NH32H20]R3  [Cr3NH33H20]R3 

[Cr2NH3,  4H20]R3  [Cr6H20]R3 

R = Cl,  Br,  I or  N03. 

[CrCl5NH3]Cl2  [Cr-OH5NH3]Cl2 

[Cr0H3NII32H20]CI2  [Cr0H2NH33H,0]Cl2 
[CrCl24NH3]Cl  [CrCl33NH3] 


CrCl3 

or 

CrO,CL 


Organic  Derivatives  of  Chromium 


+ Mg(C6H5)Br— > Ph5Cr-Br 

Alkali. 


Ph3CrOH  Ph5Cr0H4H20 

Soluble  Base.  Crystalline 

[Ph3Cr][Cr(SCN)42NH3]2H,0  Ph5CrHC03,3H,0 

4 

[Ph3Cr]I  and  [Pn3Cr]C104  Ph4CrX 
4 ^ ^ 4 

CrPh3  CrPhf  Ph4Cr0H3H20 

Strong  Soluble  Base 

Hein  and  collaborators,  1921 


The  similarity  between  chromammines  and  cobaltammines  is  a 
reminder  that  the  number  and  arrangement  of  planetary  electrons 
do  not  afford  an  infallible  guide  to  the  chemical  deportment  of 
elements. 

Chromium  is  also  exceptional  in  giving  rise  to  organic 
derivatives.  In  this  case  the  reaction  occurs  between  magnesium 
phenyl  bromide  and  dry  chromic  chloride  or  chromyl  chloride 
when  the  organic  derivative  Ph5CrBr  is  obtained  (Hein  and 
collaborators,  1921,  et  scq.).  Alkalis  give  a crystalline  hydroxide 
Ph5Cr • 0Id,4Aq,  and  a more  soluble  and  stable  base  Ph3Cr-OH. 
The  former  yields  a carbonate  Ph5CrHC03,3H20  and  an  acetate. 


The  latter  gives  a characteristic  salt  | Ph3Cr][Cr2Nl 13(SCN)4]2H20 
with  Reinecke’s  acid,  and  also  an  iodide  and  a perchlorate. 
The  pentaphenylchromium  hydroxide  generally  loses  one 
phenyl  group  on  treatment  with  acids  and  furnishes  salts 
of  the  type  Ph4CrX.  The  parent  base  of  this  series  is 
Ph4Cr-0H,3H20,  comparable  in  strength  with  the  hydroxides 
of  the  alkali  metals.  It  gives  rise  to  well-defined  salts,  and 
these  on  electrolysis  in  liquid  ammonia  furnish  chromium 
tetraphenyl  CrPh4;  this  is  readily  decomposed  with  elimination 
of  diphenyl,  and  is  converted  by  alcohol  into  the  corresponding 
hydroxide  Ph4CrOH.  Electrolysis  of  pentaphenylchromium 
salts  in  liquid  ammonia  also  leads  to  chromium  tetraphenyl. 
Electrolysis  of  Ph3CrI  in  liquid  ammonia  leads  to  chromium 
triphenyl,  a brown  friable  powder  which  reacts  with  water  to 
form  quantitatively  Ph3CrOH. 

Molybdenum. 

The  extremely  variable  valency  (2,  3,  4,  5,  and  6)  of  molyb- 
denum lends  interest  to  the  chemistry  of  this  metallic  element, 
and  especially  in  regard  to  its  co-ordinated  compounds,  of 
which  there  are  examples  corresponding  with  each  state  of 
combination. 

Bivalent  Molybdenum. 

Molybdenum  dichloride  and  the  corresponding  dibromide 
are  remarkable  substances  produced  by  heating  the  corresponding 
molybdenum  trihalides  in  an  inert  atmosphere.  They  are 
insoluble  in  water  although  the  chloride  dissolves  in  alcohol  to  a 
solution  containing  the  trimeric  substance  Mo3C16  (observed 
M.W.  513  and  526;  calc.  501).  This  chloride  dissolves  in 
hydrochloric  acid  or  in  aqueous  caustic  alkali,  and  from  the 
latter  solution  carbonic  or  acetic  acid  precipitates  the  amorphous 
hydroxide  [Mo3Cl4](OH)2,2H20.  From  an  ammoniacal  solution 
there  separates  on  addition  of  ammonium  chloride  a crystalline 
hydroxide  [Mo3C14](OH).2,8H20  : a corresponding  bromohydroxide 
[Mo3Br4](OH)2,SH20  is  also  known.  These  hydroxides  dissolve 
in  strong  acids  to  yield  compounds  of  the  general  formula 
[Mo3C14]R2,xH20  where  R = Cl,  Br  or  I.  Similarly  the  complex 
bromohydroxide  dissolves  in  acids  yielding  such  salts  as  the 
following:— [Mo3Br4]X2,3H20(X=F,  Cl  or  Br),  [Mo3Br4]S04,3H20, 
[Mo3Br4]Mo04,2H20  and  [Mo3Br4]C204,4H20.  These  products 
point  to  the  conclusion  that  in  these  trimeric  molybdenum 
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dihalides  two  only  of  the  halogen  atoms  are  anions,  the  remaining 
four  being  bound  up  in  a co-ordination  complex  [ Mo3X4], 
Reference  has  already  been  made  to  certain  complex  cliloro- 
acids  H[R3C17]xH20  where  R = Mo,  W and  Ta.  Here  again 
is  seen  the  tendency  for  molybdenum  dichloride  to  form  a 
trimeric  co-ordination  complex. 

Tervalent  Molybdenum.  In  1927  Wardlaw  and  Wormell 
obtained  two  isomeric  oxychlorides  |MoOC],4H20]  of  tervalent 
molybdenum  in  which  the  metal  displays  a co-ordination  number 

Table  XX 

Co-ordination  Compounds  of  Molybdenum. 

Bivalent  Mo. 

acid  ammonia 

H[Mo3C17],xH20< Mo3C16 > [Mo3C1  ,](0H)28H.,0 

I alkali  j acids 

acids 

|Mo3C14](OH)2,2H,0 > [Mo3Cl4]R'2nH20 

R'  = Cl,  Br  or  1 

Mo3Br6 ^ LMo3Br4](OH)2SH,0  - — » [Mo3Br4]X'23H20 

I X'  — F,  Cl  or  Br 

[Mo3Br4]X"-nH20 

X"  = SO.„  Mo04  or  C204“ 

Tervalent  Mo. 


O O 


Brown  (cis)  Compound.  Green  (trails)  Compound. 


K2[MoC15H,0]  < [MoC133H20]  R^[MoC16] 

[M0OF3IH0O]  [MoOBr4H20] 

Quadrivalent  Mo. 

Rj[Mo(CN),]  RJ  [Mo304  (C.204)  s5  H20] 

/ 

[Cu2en]2[Mo(CN)8]  H1[Mo101(C104)3]xHsO 

Quinquivalent  Mo. 

R?,[Mo(CN)8] ->  H3[Mo(CN)8]3H20 

R^[MoOC16]  R?,[MoO(CNS)5]  Ri[MoOC1„H20] 

Sexvalent  Mo. 

R2[Mo02(C204)2] 


RH[Mo03C204112OJ 
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six.  These  oxychlorides  are  obtained  by  cathodic  reduction  of 
molybdenum  trioxide  in  hydrochloric  acid,  using  smooth  platinum 
electrodes.  As  a result  of  a study  of  their  interactions  with 
sodium  salic jdate  a «'s-configuration  (I)  has  been  assigned  to 
the  brown  isomeride  and  a /runs-configuration  (II)  to  the  green 
isomeride.  This  six-fold  co-ordination  of  tervalent  molybdenum 
is  exemplified  further  in  the  trihydrated  trichloride  [MoC133H20] — 
copper  coloured  crystals  dissolving  to  red  solutions  and  in  the 
following  derivatives: — double  chloride  K2[MoC15H20],  oxy- 
fluoride  [M0OF3  • 5H20]  and  oxybromide  [MoOBrqbBO]  (Harding 
and  Wardlaw,  1926).  Salts  of  the  type  R3[MoC16]  and 
R3[MoBr6]  and  R2[MoBr5H20]  have  been  obtained  on  reducing 
molybdenum  trioxide  in  hydrobromic  acid. 

Quadrivalent  Molybdenum.  Among  compounds  of  quadri- 
valent molybdenum  the  double  cyanides  RI4[Mo(CN)8]  are  of 
special  interest  owing  to  their  stability  and  to  their  manifestation 
of  the  co-ordination  number  8.  It  is  possible  that  the  ion 
Mo(CN)8  possesses  a cubical  arrangement  of  the  cyanide  radicals, 
although  it  should  be  added  that  so  far  there  has  been  no  direct 
experimental  evidence  of  the  existence  of  this  spatial  distribution 
of  co-ordinating  units.  The  cyanides  RI4[Mo(CN)8]  and  the 
double  cyanides  RI3[Mo(CN)8]  containing  quinquivalent  molyb- 
denum resemble  to  some  extent  the  ferro-  and  ferri-cyanides. 
Moreover,  the  electronic  structures  of  the  ions  Mo(CN)8IV  and 
Fe(CN)6IV  are  those  of  the  next  inert  gas,  and  explain  the 
stability  of  these  two  series  of  double  cyanides.  The  oxalates 
of  quadrivalent  molybdenum  do  not,  however,  correspond  with 
these  double  cyanides,  but  are  polynuclear  salts  of  the  type  of 
molybdenyl  oxalate.  The  parent  acid,  H2[Mo304(C204)3]xH20  of 
the  series  RI2[Mo304(C204)35H20],  has  also  been  prepared  (Spittle 
and  Wardlaw,  1929) . The  cyanide  K4[Mo(CN)8]2H20  first  obtained 
by  Chilesotti  in  1904  has  been  re-examined  by  Bucknall  and 
Wardlaw  (1927),  who  obtained  the  amminated  products 
[Cu3NH3]2[Mo(CN)8],  [Cu2en]2[Mo(CN)8]  and  [Ag43NH3][Mo(CN)8], 

Quinquivalent  Molybdenum.  By  oxidation  of  the  cyanides 
of  quadrivalent  molybdenum  the  foregoing  investigators  ob- 
tained cyanides  containing  the  metal  in  pentadic  combination 
Ri3[Mo(CN)8],  and  also  the  free  acid  H3[Mo(CN)8]3H20. 

Corresponding  with  this  condition  of  valency  there  are  the 
complex  oxychlorides  and  oxybromides  such  as  Ri.,[MoOC15], 
Rj[MoOC14,H20]  and  Rt[MoO(CNS)5]  (Angell,  James  and 
Wardlaw,  1928,  1929). 
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Sexvalent  Molybdenum.  In  this  state  of  valency  molyb- 
denum gives  rise  to  such  double  oxalates  as  R2[Mo02(C204)2]  and 
RH[Mo03C204H20]  (Spittle  and  Wardlaw,  1931). 


Heteropolybasic  Acids  and  Salts 


The  co-ordination  theory  has  provided  a general  explanation 
of  the  structure  of  complex  polybasic  acids  obtained  by  com- 
bining certain  hydrated  acidic  oxides.  Three  simple  acids 
(phosphoric,  silicic  and  boric  acids)  may  be  regarded  as  the 
starting  points  from  which  by  addition  of  water  three  hypo- 
thetical ortho-acids  may  be  derived. 

H3P04  + 2HX>  — > H7[P06] 

H2SiOs  + 3H20 > H8[Si06] 

H3BOs  + 3H20 > H9[B06] 


In  these  hypothetical  acids  the  six  oxygen  atoms  may  be  replaced 
by  6 acidic  radicals  such  as  Mo207  or  W207,  leading  to  the  following 
heteropolybasic  acids : — 


H7[P(Mo207)6] 
with  28,  22  or  I2H20 

H8[Si(Mo207)6] 
with  28  or  14ITO 

H8[X(Mo207)6] 
where  X = Ti,  Ge,  Ce, 
Zr,  Sn,  or  Th. 


H7[P(W207)6] 
with  28  or  2oH,0 


H8[Si(W207)6] 

with  28,  22,  20  or  I5H..O 

H9[B(W207)6] 
with  28,  22,  or  ioH„0 


As  is  usually  the  case  with  ortho-acids,  the  hydrogen  atoms 
are  not  all  readily  replaced  by  metals.  Phosphomolydic  acid 
is  usually  a tribasic  acid  as  in  its  analytically  important 
ammonium  salt  (NH4)3H4[P(Mo207)6]4H20.  Its  guanidine  salt  is 
(CH5N3,H)7[P(Mo207)6]i2H20.  Borotungstic  acid  yields  the  follow- 
ing salts: — K6H3[B(W207)6]2iH20,  guanidine  salt  (CH5N3,H)6H3 
[B(W207)6]  and  mercurous  salt  H g9 [B ( W207) 6]  1 2 • 5 H 20 . Silico- 
tungstic  acid  gives  rise  to  several  series  of  salts  in  which  it  may 
be  tribasic,  tetrabasic  or  octabasic,  as  in  K8[Si(\V207)6]i4H20. 
Phosphotungstic  acid  is  generally  tribasic  as  in  K3H4[P(W207)6]nH20 
but  it  also  gives  the  guanidine  salt  (CH5N3,H)7[P(W207)6]i2H20, 
in  which  heptabasicity  is  manifested. 

Other  heteropolybasic  acids  contain  the  groups  Mo04  and 
W04,  as,  for  example,  when  the  oxygen  in  the  two  ortho-acids 
H5[I06]  and  H6[Te06]  are  completely  replaced  by  these  acidic 
radicals  leading  to  such  salts  as  the  following : Na5[I(Mo04)6]i3H20 ; 
Na5[I(W04)6]8H20  and  (CH5N3,H)6[Te(Wo04)6]6H20.  The  " re- 
currence of  the  co-ordination  number  6 in  all  the  foregoing 
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heteropolybasic  acids  and  their  salts  suggests  an  octahedral 
arrangement  of  associating  units  about  the  central  element.* 

When  the  two  acid-forming  elements  of  the  co-ordination 
complex  become  identical,  isopolybasic  acids  arise.  A well- 
known  series  is  the  polychromates  derived  from  a monochromate 
by  gradual  replacement  of  oxygen  by  the  group  Cr04.  K2[Cr04] : — - 
K2[Cr03(Cr04)] ; Iv2[Cr02(Cr04)2] ; ' K2[Cr0(Cr04)3] . 

PERIODIC  GROUP  VII 

The  Halogens. 

In  recent  years  researches  on  the  halogens  have  centred 
largely  round  fluorine,  and  the  most  striking  outcome  of  these 
investigations  has  been  the  discovery  of  fluorine  oxide  F20,  a 
gas  which  is  best  prepared  by  passing  fluorine  through  a dilute 
solution  of  sodium  hydroxide,  but  has  also  been  obtained  by 
electrolysis  of  potassium  hydrogen  fluoride  below  ioo°  in  presence 
of  water.  It  is  a colourless  gas  (m.p. — 223-8°  and  b.p. — 46-5°), 
which  does  not  attack  glass,  but  is  more  poisonous  than  fluorine. 
It  is  an  oxidising  agent  liberating  iodine  from  potassium  iodide 
(Lebeau  and  Damiens,  1927). 

An  oxide  F202  is  said  to  be  formed  when  a mixture  of  fluorine 
and  oxygen  is  passed  through  a discharge  tube  partly  cooled  in 
liquid  air  under  15-20  mm.  pressure.  It  is  a yellow  solid 
m.p.  ca. — 160°,  b.p.  ca. — 57°,  which  forms  a brown  gas. 

The  monomeric  oxide  FO,  a colourless  gas  of  very  low  boiling 
point  and  freezing  point,  is  formed  when  the  foregoing  dioxide 
is  heated  above — ioo°,  but  F202  is  not  regenerated  on  cooling. 
This  monoxide  reacts  with  hydriodic  acid  with  liberation  of 
iodine  (Ruff  and  Menzel,  1933). 

Chemical  combination  among  the  halogens  has  long  been 
known  in  such  examples  as  iodine  mono-  and  tri-chlorides. 
Fluorine  also  gives  rise  to  many  combinations  of  this  type: — 
chlorine  fluoride  C1F  (Ruff  and  Ascher,  1929),  an  almost 
colourless  gas,  and  with  excess  of  fluorine  the  trifluoride  C1F3 
is  obtained  as  a colourless  very  reactive  gas  (Ruff  and  Krug, 

* A recent  investigation  of  phosphotungstic  acid  by  X-ray  analysis 
indicates  that  the  formula  of  this  complex  acid  is  best  written 
H3[P(W3O10)4]nH2O.  The  phosphorus  atom  is  tetrahedral  with  oxygen 
atoms  at  the  four  vertices  of  the  solid  figure.  The  W3O10  groups  consist 
of  three  W06  units  which  are  octahedral  with  tungsten  at  the  centre.  Of 
the  six  oxygen  atoms  of  each  WOs  group,  one  is  held  in  common  with  the 
phosphorus  atom,  two  in  common  with  tungsten  atoms  in  its  own  group 
of  three  octahedra,  two  with  the  octahedra  of  other  groups  and  one 
retained  by  the  WO,  group  (Keggin,  June,  1933.) 
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iy3°).  condensing  to  a green  liquid  (b.p.  ii°).  Bromine  yields 
two  fluorides,  BrF3  (Lebeau,  1905)  and  BrF5  (Ruff  and  Menzel, 
1931),  and  on  treatment  of  the  latter  with  water  an  oxyfluoride 
BrOF3  has  been  indicated.  Iodine  gives  two  fluorides,  IF5 
and  IF-.  They  are  both  very  reactive,  and  the  latter  is  of  great 
theoretical  interest  as  revealing  the  ideal  valency  of  periodic 
Group  7.  The  former  was  first  discovered  by  Gore  (1871),  and 
afterwards  prepared  by  Moissan  (1902)  and  Prideaux  (1905, 
1906).  It  is  a colourless  liquid  boiling  at  970  and  crystallising 
at  8°.  IF5  is  reactive  towards  many  elements,  and  decomposes 
in  contact  with  water.  IF-,  which  is  made  by  the  action  of 
fluorine  on  the  foregoing  pentafluoride,  is  a mobile  liquid  which 
gives  white  crystals  melting  at  5-6°.  It  is  slowly  decomposed 
by  water  and  reacts  with  many  organic  compounds  and  metals. 
Two  of  the  seven  fluorine  atoms  are  easily  removed  (Ruff  and 
Keim,  1930). 

Until  recently  researches  involving  the  interaction  of  ele- 
mental fluorine  with  other  elements  and  compounds  have  been 
carried  out  mainly  by  foreign  chemists.  I am,  however,  pleased 
to  refer  to  an  unpublished  investigation  now  in  progress  at  Leeds 
University  by  Professor  Whytlaw-Grav  and  Mr.  K.  G.  Denbigh, 
who  have  permitted  me  to  mention  that  on  fractionating  sulphur 
hexafluoride  at  low  temperatures  they  noticed  the  existence  of 
a new  gas  of  high  density  (126  to  129),  with  molecular  weight 
about  256,  which  is  probably  disulphur  decafluoride  S2F10 
(M.W.  254).  Its  boiling  point  is  nearly  o°,  and  it  is  unaffected 
by  concentrated  aqueous  caustic  potash.  There  are  indications 
of  a still  higher  liquid  liomologue  of  sulphur  fluoride.  As  these 
investigators  have  a convenient  plant  for  preparing  fluorine 
their  researches  will  speedily  be  amplified.* 

Since  fluorine  has  given  rise  to  an  oxide  it  might  be  antici- 
pated that  bromine  would  eventually  do  so,  and  in  recent  3'ears 
Br20  has  been  identified  in  the  reaction  between  bromine  and 
specially-prepared  reactive  mercuric  oxide  (Zintl  and  Rienacker, 
1930).  Another  oxide  (Br308)n  is  reported  as  being  formed  by 
the  action  of  ozone  on  bromine  between  —5  and  +10'  (Lewis 
and  Schumacher,  1928,  1929).  A new  chlorine  oxide,  C103  or 
C1.,06,  resulting  from  the  action  of  ozone  on  chlorine  dioxide,  is 
at  ordinary  temperature  a liquid  which  decomposes  slowly  into 
oxj^gen,  chlorine  and  chlorine  dioxide  (Schumacher  and  Stieger, 
1929). 

* Since  published  in  Nature,  May  27th,  1933- 
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Iodine  reveals  its  tervalency  in  such  compounds  as  IC13,  and 
the  corresponding  phosphate  IP04,  mono-,  di-  and  trichloro- 
acetates  I(CH2C1C02)3,  I(CHC12C02)3  and  I(CC13C02)3  (Fichter 
and  Stern,  1928).  In  these  compounds  iodine  is  electropositive. 
The  trichloride  IC13  combined  additively  with  metallic  chloride 
to  form  characteristic  salts,  the  iodochlorides : — KfIClJ, 
M++[IC14]2,8H20.  The  parent  acid  HIC14,4H20  has  been  isolated 

Table  XXI 
Halogens. 

Tew alent  Iodine. 

IC13  IP04 

I(CH2C1-C02)3  I(CHC12-C02)3  I(CC13-C02)3 

Fichter  and  Stern,  1928. 

K[IC14]  M"[IC14]28H20 

H[IC14]4H20 
Caglioti,  1929. 

Co-ordinated  Iodine  Compounds. 


Carlsohn,  1932. 


Pseudo-Halogens. 

(OCN)2  m.p.  — 120  + 05  (1)  Electrolysis  of  KCNO. 

Birclienbach  and  Kellermann,  1925. 

(2)  Action  of  I on  Ag-CNO. 

Hunt,  1932. 

(SCN)2  colourless  crystals,  m.p.  — 30  to  —2°,  action  of  bromine  on 
Pb(CNS)2.  Soderbach,  1919. 

(SeCN)2  yellow  crystals  by  action  of  I on  Ag-C-NSe.  Birckenbach  and 
Kellermann,  1925. 

(Caglioti,  1929),  and  Chattaway  and  Parkes  have  found  that  it 
forms  an  insoluble  salt  with  nicotine  (1929). 

Quite  recently  Carlsohn  (1932)  has  prepared  the  following 
complex  substances  containing  univalent  iodine  co-ordinated 
with  one  and  two  molecules  of  pyridine.  Iodine  (2  mols.)  in 
chloroform  is  added  to  silver  nitrate  and  pyridine  in  the  same 
solvent.  Silver  iodide  is  precipitated  and  the  compound  No.  II. 
crystallises  from  the  filtrate.  When  left  in  the  desiccator  over 
sulphuric  acid  it  changes  into  No.  I. 


1 his  brief  statement  on  the  halogens  may  well  conclude  with 
a reference  to  the  isolation  of  the  free  radicals  (OCN)2,  (SCN)2 
and  (SeCN)2,  which  are  to  be  regarded  as  pseudo-halogens.  The 
first  is  obtained  in  colourless  crystals  by  electrolysing  a solution 
of  potassium  cyanate  (Birckenbach  and  Kellermann,  1925),  or 
by  the  action  of  iodine  on  silver  cyanate  in  carbon  bisulphide 
or  carbon  tetrachloride  solution  (Hunt,  1932).  It  melts  at 
— 12^0-5°,  and  possesses  the  characteristic  odour  of  a halogen, 
liberates  iodine  from  potassium  iodide  and  dissolves  copper, 
iron  and  zinc  without  evolution  of  hydrogen.  Thiocyanogen  is 
obtained  by  the  action  of  bromine  on  lead  thiocyanate  in  ethereal 
solution.  It  forms  colourless  crystals  melting  at  — 30  to  —2°, 
and  is  a typical  halogen  (Soderback,  1919).  Selenocyanogen  is 
a crystalline  yellow  powder  obtained  by  the  action  of  iodine 
on  silver  selenocyanate  (Birckenbach  and  Kellermann,  1925). 

Rhenium  {Dvi-manganese). 

For  many  years  manganese  has  been  the  loneliest  element 
in  the  periodic  classification,  for  it  was  the  only  metallic  element 
of  a Group  7 family  in  which  Mendeleef  had  left  two  vacant 
places  believing  that  eka-manganese  and  dvi-manganese  would 
ultimately  be  discovered.  The  probability  of  this  anticipation 
was  confirmed  by  Moseley’s  research  on  the  X-ray  spectra  of 
elements  which  gave  the  atomic  numbers  of  these  hypothetical 
elements  as  43  and  75.  In  1925  Noddack  and  Tacke  found 
traces  of  these  elements  in  platinum  ores  and  in  columbite. 
Concentrates  from  these  minerals  indicated  very  small  amounts 
of  element  43,  which  they  named  masurium  and  larger  quantities 
of  element  75  to  which  the  name  “rhenium”  was  given.  So 
far  but  little  has  been  published  concerning  masurium,  but  the 
chemistry  of  rhenium  has  developed  very  rapidly,  and  both  the 
metal  and  its  salts  are  obtainable  commercially. 

Metallic  rhenium  has  properties  intermediate  between  those 
of  its  neighbours  tungsten  and  osmium  in  the  third  transition 
series.  As  might  be  anticipated  from  its  proximity  to  the  heavy 
platinum  metals  it  behaves  as  a catalyst  in  such  reactions  as 
the  formation  of  methane  from  carbon  monoxide  and  hydrogen. 
When  the  metal  or  its  compounds  are  heated  in  air  the  volatile 
oxide  Re207  is  produced  as  a yellow  crystalline  powder  m.p.  220°, 
but  beginning  to  sublime  at  150°  (with  b.p.  between  350°  and 
450°).  When  heated  in  oxygen  the  heptoxide  yields  rhenium 
peroxide  Re04  or  Re208  as  a white  non-crystalline  mass  which 
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dissolves  in  water  to  a feebly  acid  solution  giving  the  typical 
peroxide  reactions,  decolorisation  of  permanganate  and  yellow 
colorations  with  vanadic  and  titanic  acids. 


Table  XXII 

Rhenium  (Dvi-Manganese) 
compared  with 
Manganese. 


Mn.  A.  No.  25.  A.W.  54-93. 

Widely  distributed  in  oxidic 
minerals. 

Isolated  from  oxide  by  thermite 
process  or  carbon  reduction. 

d.  7-4712,  m.p.  1,260,  b.p.  1,900°  C. 
sp.  heat  0-1332  (13°  to  970). 

Oxides  and 

M11O  green,  Mn(OH)2  white,  Mn304 
brown,  Mn,03  brownish-black. 
MnO-OH.  MnO,  black,  Mn03 
reddish-brown  (H2Mn04).  Mn207 
reddish-brown  liquid  HMn04, 
deep  red  permanganates. 


Re.  A.  No.  75,  A.W.  186-31. 

Found  in  many  oxidic  and  sulphidic 
minerals  and  in  platinum  ores. 

Isolated  more  readily  by  hydrogen 
reduction  or  thermal  decomposi- 
tion of  its  compounds. 

d.  21-40,  m.p.  3,440°  abs.  sp.  heat 
0-0346. 

Hydroxides. 

Re02  black,  ReO,,  2H20.  Re,05 

purple  crystals,  Re03  unstable 
rhenates,  Re207  yellow  crystals, 
m.p.  220°,  b.p.  >350°.  HRe04 
colourless  perrhenic  acid,  colour- 
less salts.  Re2Oa  white  mass. 


Halides. 


MnF2,  insol.  MnF3(MnF4)K,MnF6 
Mn03F-MnCl2(MnCl3)  (MnCl4) 
RI2MnCl5  and  R^MnCUMnOaCl 
green  gas  to  greenish-brown  liquid. 


ReF6  yellow  crystals,  m.p.  28-4°  to 
colourless  gas;  oxyfluoride. 

ReCl4  black  needles,  K2ReCl6  green, 
K2ReBr6  and  K2ReI6  brown  to 
black  salts.  Re02Cl3  m.p.  23-9°, 
Re03Cl  colourless  liquid. 


Sulphides  and  Selenides. 

MnS  (green  to  black  and  pink  forms)  ReS2  black,  ReSe2,  Re2S7  black 
MnSe,  Mn3S4,  MnS2  reddish-  Re2Se7. 
brown  form. 


The  heptoxide  dissolves  in  water  to  perrhenic  acid,  a fairly 
strong  acid  giving  rise  to  metallic  perrhenates  which  are  generally 
soluble  in  water.  Unless  the  cation  is  coloured  they  are  colour- 
less, thereby  exhibiting  a marked  contrast  to  the  permanganates. 
The  alkali  perrhenates  have  the  general  formula  MIRe04,  and 
there  are  also  AgRe04,  and  TlRe04  (white  precipitates),  and  the 
soluble  salts  Ba(Re04)2,  Cu(Re04)2,  4 or  5H20,  Cu(Re04)2,  4NH3; 
Ni(Re04)2,  4 or  5H20,  Ni(Re04)4,  5 or  6NH3;  Co(Re04)2,  5H20, 
and  Co(Re04)2,  4NH3.  With  strong  reducing  agents  perrhenic 
acid  and  certain  of  its  salts  yield  the  black  dioxide  Re02,2H20. 
An  intermediate  oxide  Re205  is  produced  as  a purplish  red 
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crystalline  mass  by  heating  the  heptoxide  with  rhenium;  it  is 
insoluble  in  water,  and  stable  up  to  300°.  Another  intermediate 
oxide  Re03  has  been  reported  as  giving  rise  to  very  unstable 
rhenates,  BaRe04  and  Ag2Re04. 

Two  volatile  chlorides,  ReCl7  and  ReCl6,  have  been  reported 
(Noddack,  1928),  but  Briscoe,  Robinson  and  Stoddart  (1931) 
were  unable  to  confirm  the  existence  of  these  chlorides,  and 
showed  that  the  most  characteristic  product  of  direct  synthesis 
is  ReCl4,  obtained  in  glistening  black  needles.  Ruff,  Kwasnick 
and  Ascher  (1933)  have  found  that  at  1250  rhenium  and  fluorine 
unite  to  form  rhenium  hexafluoride  ReF6  as  a colourless  gas, 
solidifying  to  yellow  crystals  m.p.  26-4°.  Moisture  hydrolyses 
this  fluoride  to  perrhenic  acid  and  hydrated  rhenium  dioxide, 
and  in  contact  with  quartz  it  is  slowly  converted  into  an  oxy- 
fluoride.  They  were  unable  to  obtain  any  higher  fluoride. 

Rhenium  tetrachloride,  tetrabromide  and  tetraiodide  unite 
with  alkali  halides  to  form  the  corresponding  complex  rheni- 
halides.  Potassium  rhenichloride  K2ReCl6  (comparable  with 
K20sC16)  separates  from  cold  aqueous  solutions  in  green  crystals; 
the  corresponding  rheni-iodide  Iv2ReI6  separates  from  hot 
solutions  in  dichroic  black  to  brown  crystals.  Two  oxychlorides 
of  rhenium  have  been  recently  obtained;  Re02Cl3  by  heating 
the  metal  in  a mixture  of  air  and  chlorine  is  a solid  melting 
at  23-9°  (Briscoe,  Robinson  and  Rudge,  1932),  and  Re03Cl 
formed  by  heating  rhenium  alternately  in  oxygen  and  chlorine 
as  a colourless  liquid  (Brukl  and  Ziegler,  1932).  These  com- 
pounds were  employed  in  determining  the  parachor  of  rhenium 
(78-9  and  76-4). 

Rhenium  has  a marked  affinity  for  sulphur  and  the  black 
heptasulphide  Re2S7  is  precipitated  by  hydrogen  sulphide  from 
ammoniacal  potassium  perrhenate  or  preferably  by  sodium 
thiosulphate  from  the  acidified  solution  of  perrhenate.  The 
heptasulphide  loses  sulphur  and  leaves  a residue  of  black 
rhenium  disulphide  ReS2.  The  two  corresponding  selenides 
Re2Se7  and  ReSe2  are  known. 

PERIODIC  GROUP  VIII 

In  this  group,  unlike  all  others  of  the  periodic  classification, 
there  are  three  sets  of  triads,  the  nine  members  of  which  arrange 
themselves  in  three  vertical  series,  the  family  relationships  of 
which  are  best  exemplified  by  a consideration  of  their 


co-ordination  compounds.  The  series  iron,  ruthenium  and  osmium 
furnish  isomorphous  double  cyanides,  of  which  the  ferro-  and 
ferri-cyanides  are  typical,  having  general  formulae  RI4X(CN)6 
and  Ri3X(CN)6. 

The  middle  series,  cobalt,  rhodium  and  iridium,  are  dis- 
tinguished by  forming  complex  ammines  of  the  following  types 
[X"'6NH3]C13 — the  luteo  cobaltammines  and  their  rhodium  and 
iridium  homologues  and  [X'"Cl5NH3]Cl2 — the  purpureo  cobalt- 
ammines and  the  rhodium  and  iridium  homologues. 

In  the  end  series,  nickel,  palladium  and  platinum,  the  first 
two  members  generally  display  bivalency,  and  although  platinum 
is  often  quadrivalent  it  falls  into  line  in  the  double  cyanides , 
where  we  find  K,Ni(CN)4,  K2Pd(CN)4  and  K2Pt(CN)4. 

One  might  easily  multiply  these  examples,  but  the  few 
selected  go  to  show  that  co-ordination  plays  a predominant 
part  in  the  chemistry  of  the  eighth  group. 

Univalency  among  Metals  of  the  Seventh  and  Eighth  Groups. 

I have  just  mentioned  the  tendency  for  nickel  and  palladium 
to  exhibit  bivalency.  Recent  researches  have  shown  that  the 
univalent  condition  can  be  developed  not  only  with  these 
two  metals,  but  also  with  cobalt  and  iron  and  with  the  neigh- 
bouring element  manganese  in  Group  7. 

By  reducing  the  alkali  manganocyanides  R2Mn(CN)4  where 
R is  Na  or  Iv  with  Devarda’s  alloys  or  aluminium  and  caustic 
soda  the  following  substances  are  obtained: — R2Mn(CN)3, 
R5Mn(CN)6  where  R is  Na  or  K.  These  substances  are  colourless 
crystalline  double  cyanides  containing  univalent  manganese; 
they  are  very  reactive  to  oxidising  agents  (Manchot  and  Gall, 
1927,  1928). 

In  1879  Papasogli  observed  that  a solution  of  potassium 
nickelocyanide  K2Ni(CN)4  developed  a red  colouration  on 
treatment  with  zinc.  Bellucci  and  Corelli  subsequently  showed 
(1913)  that  the  red  solution  furnished  a red  cyanide  K2Ni(CN)3, 
which  by  the  action  of  acid  gave  the  very  oxidisable  nickel 
monocyanide  NiCN.  (i)  Oxidation  of  the  double  cyanide  gave 
K2Ni(CN)4  and  nickelous  hydroxide;  (ii)  hydrolysis  in  an  inert 
atmosphere  gave  the  same  double  higher  cyanide  with  liberation 
of  nickel  (1919). 

(i)  4K2Ni(CN)3  + 2H202  = 3K2Ni(CN)4  + Ni(OH)2  + 2KOH 

(ii)  4K2Ni(CN)3  + 2H20  = 3K2Ni(CN)4  + Ni  + 2KOH  + H2 


In  1926  Manchot  and  Gall  found  that  the  double  cyanide 
K2Ni(CN)3  absorbed  carbon  monoxide  and  nitric  oxide  to  yield 
respectively  the  co-ordination  compounds  K2[Ni(CN)3CO]  and 
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Univalency  among  Metals  of  Seventh  and  Eighth  Groups. 
Manganese. 


I 


11  71 

R2Mn(CN)4^  , 


R2Mn(CN)3 


colourless 

cyanides 


Nickel. 


RBMn(CN)6 
(Manchot  and  Gall,  1927,  1928.) 


K2[Ni(CN)3CO] 


II 

K2Ni(CN)4 

yellow 
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l / I 

->  K2Ni(CN)3 > NiCN 

red  \ 


I 


JK,[Ni(CN)3NO] 

1 II 

4K2Ni(CN)3  + 2H20  = 3K2Ni(CN)4  + Ni  + 2KOH  + H2 

I II 

4K2Ni(CN)3  + 2H202  = 3K2Ni(CN)4  + Ni(OH),  + 2KOH 


a.  NiCl2  + 3K2S203  + 2NO  = 2KCI  + N0S203K  -f 

NO\l  l 


[NC 

s2o 


r^Ni  - S,0,  K,2lLO 


] 


1. 


2N0-S203K  = 2NO  + k2s4o6 
(Manchot,  1926.) 


Cobalt  and  Iron. 


r NO\.  1 /NO  -J  r NO\  . I /NO  1 rNO\i  1 

UXoJK'  Ls,o,>f<s,oJ k-  L>H 


111.  IV. 

Iron,  Cobalt  and  Nickel  Mercaptides. 


V. 


Ni(SEt)2  + 2NO  = NO-SEt  + [NO  — > Ni-SEt] 

"NO\ . 1 


VI.  Fe(SEt)2 — > 


PH  Co,SE„!->[F^Co.SE,] 

rNO\i 1 

li  (SI’h)  < — py]  I^CoSP. 


SEt  VII. 


[NO  - — > Ni-SPh]  [NO— >N 

(Manchot  and  Gall,  1928-1929.) 
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K2[Ni(CN)3NO].  The  simple  cyanide  absorbed  the  former  gas 
to  yield  [NiCNCO]X)  which,  however,  decomposed  rapidly.  The 
electrolytic  reduction  of  K2Ni(CN)4  and  of  alkaline  solutions  of 
potassium  cobaltic3^anide  K3Co(CN)6  has  been  investigated  by 
Grube,  Lieder  and  Schachterle,  who  found  that  the  latter  salt 
gave  first  an  olive  green  solution  of  cobaltocyanide  K4Co(CN)6, 
and  then  a brownish-green  solution  containing  a complex  cyanide 
of  univalent  cobalt.  This  reduction  product  could  not,  however, 
be  isolated,  since  even  in  solution  at  the  ordinary  temperature 
it  decomposed  with  evolution  of  hydrogen. 

In  the  course  of  a systematic  study  of  these  lower  valent 
conditions  Manchot  and  his  collaborators  (1926-1932)  found 
that  stable  derivatives  of  univalent  iron,  cobalt  and  nickel  could 
be  obtained  and  preserved  in  the  solid  state.  Nitric  oxide 
reacting  with  cobaltous  acetate  in  presence  of  excess  of  potassium 
thiosulphate  leads  to  the  complex  thiosulphate  (III). 

Under  similar  conditions  nickelous  chloride  gives  compound 
I the  reaction  being  represented  by  equations  a and  b.  Similar 
complex  thiosulphates  (IV  and  V)  were  obtained  containing 
univalent  iron. 

Other  addenda  containing  sulphur  radicals  may  be  used  instead 
of  thiosulphate.  Nickel  ethylmercaptide  is  decomposed  smoothly 
by  nitric  oxide  with  formation  of  a univalent  nickel  derivative 
Ni(SEt)2+2NO=NO-SEt-f[NO-H>  NiJSEt].  Similarly  ferrous 
mercaptide  Fe(SEt)2  and  cobaltous  mercaptide  Co(SEt)2  yield 
respectively  the  complexes  VI  and  VII.  Moreover,  the 
following  derivatives  of  phenylmercaptan  have  been  prepared : — 
[NO->  NiSPh] ; [NONi(C5H5N) -SPh]  and  [(NO)2CoSPh], 

This  reduction  of  iron,  cobalt  and  nickel  radicals  to  the 
univalent  stage  suggests  that  the  higher  members  of  the  eighth 
group  should  be  susceptible  to  this  depression  of  valency.  By 
reducing  potassium  palladocyanide  K2[Pd(CN)4]  with  sodium 
amalgam  Manchot  and  Schmid  (1930)  obtained  a colourless 
solution  possessing  strong  reducing  properties.  Under  similar 
treatment  potassium  platinocyanide  K2[Pt(CN)4]  also  yielded 
a colourless  solution  having  reducing  properties.  These  solutions 
probably  contain  univalent  palladium  and  platinum  respectively 
(Manchot  and  Lehmann,  1930).  By  using  alkaline  sodium 
hypophosphite  NaH2P02  Manchot  and  Schmid  (1931)  obtained 
indications  of  univalent  ruthenium  and  possibly  of  univalent 
rhodium.  But  iridium  and  osmium  did  not  furnish  evidence  of 
reduction  to  the  univalent  condition. 
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Stereochemistry  of  Nickel  and  Palladium. 

Nickel.  Reference  was  made  in  the  first  lecture  to  the  fact 
that  an  octahedral  configuration  of  the  complex  nickel  salt 
[Ni3dipy]Cl2,6H20  was  demonstrated  in  1931  when  Mr.  Burstall 
and  I resolved  this  substance  into  optically  active  enantiomers. 

Stereochemistry  of  Nickel. 


(Morgan  and  Burstall,  1931.) 

Last  year  Reihlen  and  Hiihn  have  indicated  optical  activity 
due  to  four-covalent  nickel  in  complex  salts  of  the  following 
type  I. 


This  resolution  affords  strong  evidence  for  the  tetrahedral 
structure  of  these  salts. 

A planar  distribution  of  four  associating  units  round  nickel 
has  also  been  recorded  by  S.  Sugden,  who  in  1932  isolated  two 
modifications  of  nickelbenzylmethylglyoxime  (II  and  III),  which 
have  the  relationship  of  cis-  and  trans- isomerides. 
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Like  other  nickel  dioxime  complexes  the  foregoing  stereo- 
isomerides  are  diamagnetic,  a property  which  they  share  with 
nickel  carbonyl  (v.  supra),  and  the  double  cyanide  K2Ni(CN)3 
of  univalent  nickel. 

The  foregoing  facts  indicate  that  in  the  case  of  nickel 
complexes  the  associating  units  may  exhibit  octahedral,  tetra- 
hedral or  co-planar  distributions.  These  possible  alternatives 
in  the  make-up  of  co-ordination  complexes  have  an  important 
bearing  on  the  stereochemistry  of  the  allied  elements,  palladium 
and  platinum. 

Palladium.  Two  series  of  diamminopalladium  salts  have 
long  been  known: — A pink  series,  the  first  member  of  which 
was  recorded  by  Vauquelin  in  1813,  and  a yellow  series  having 
the  same  empirical  composition  isolated  by  Muller  in  1853. 
By  analogy  with  the  corresponding  platinous  compounds 
Werner  assumed  that  these  two  series  were  cis-  and  trans- 
isomerides. 
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71 


ci 


pink 


H3N 


Cl 
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Cl 


NH, 


yellow 


Quite  recently  these  palladous  compounds  have  been  re- 
investigated by  Drew,  Pinkard,  Preston  and  Wardlaw  (1932), 
who  have  collected  a considerable  amount  of  evidence  in  support 
of  the  view  that  the  two  series  are  not  isomeric,  but  should  be 
formulated  as  follows: — 

[Pd2NH3Cl2]  [Pd4NH3]PdCl4 

yellow  pink 

the  pink  forms  being  dimerides  of  the  yellow.  The  main  items 
of  this  evidence  may  be  gathered  from  the  following  equations : — 


Pink  Series. 


[Pd4NH3]PdCl4  + 2AgN03 
[Pd4NH3]PdCl4  + Cl2 
[Pd4NH3]Cl2  + (NH4)2PdCl6 
[Pd4NH3]Cl2  + K2PdCl4 

Yellow  Series. 

[Pd2NH3Cl2]  + 2AgN03 
[Pd2NH3Cl2]  + Cl  2 
[Pd2NH3Cl2]  + 2NH3 
[Pd4NH3]Cl2  + K2PdCl4 


= Ag2PdCl4+[Pd4NH3](N03)2 
= [Pd4NH3]PdCl6 
= [Pd4NH3]PdCl6  + 2NH4C1 
= [Pd4NH3]PdCl4  + 2KCI 


= [Pd2NH32N03]  + aAgCl 
= [Pd2NH3Cl4] 

= [Pd4NH3]Cl2 
= [Pd4NH3]PdCl4  + 2KCI 
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The  pink  compounds  readily  change  into  the  yellow  series, 
which  are  found  to  be  monomeric,  so  that  but  little  evidence 
remains  of  any  cis-  and  ^rans-configuration  of  diammino-palladous 
chloride. 

A tetrahedral  arrangement  has  been  suggested  by  Reihlen 
and  Hiihn  (1932)  for  the  complex  salt  of  palladous  chloride  with 
2 molecules  of  to-amino-2-methyl-3-methyl-4-ethylquinoline,  who 
support  this  view  by  recording  optical  activity  due  to  4-co- 
ordinated  palladium. 


'CH2 

(Reihlen  and  Hiihn,  1932.) 


Stereochemistry  of  Platinum. 

More  than  a century  ago  platinammines  were  prepared  by 
Magnus  (1828),  and  subsequently  two  isomeric  diammino- 
platinous  chlorides  were  recognised  (1845),  and  at  first  formulated 
as  C1NH3- Pt-NHgCl  and  Cl- Pt-NH3-NH3C1. 

Later  Werner  suggested  that  these  compounds  were  cis- 
and  trans- isomerides  having  the  four  associating  units  in  the 
same  plane  with  platinum  at  the  centre  of  the  complex. 


a — trans.  [3 — cis. 


Recently  Drew,  Pinkard,  Wardlaw  and  Cox  (1932)  have  recorded 
a third  isomeride,  and  regarding  these  diamminoplatinous- 
dichlorides  as  being  all  monomeric  they  have  suggested  the 
following  formulae : — 


NH3  nh3 
1/ 


Ft 


a 


CINH3 

\ 

pt 

/ 

C1NH3 

p 


nh3  nh3ci 

\ / 

Pt 

/ 

Cl 


y 
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By  addition  of  ammonia  these  three  diammines  give  the  same 
tetrammine  (with  intermediate  formation  of  a triammine).  On 
decomposition  with  hydrochloric  acid  this  tetrammine  gives 
rise  to  the  a-diammine. 

a,  ,8  or  y - [Pt2NH3Clo]  — > [Pt4NH3]Cl2  — > [Cl2Pt2NH3] 

a-form 

If  the  a-,  /3-  and  y-diammines  are  treated  with  pyridine  two 
mixed  tetrammines  are  produced,  the  a-  and  y-diammines 
giving  the  mixed  a-salt,  whereas  the  /3-diammine  furnishes  the 
mixed  /3-salt.  Conversely  the  a-  and  /3-dipyridinoplatinous 
dichlorides  [Pt2pyCl2]  on  addition  of  ammonia  yield  respectively 
the  foregoing  a-  and  /3-mixed  tetrammines  [Pt2NH32py]Cl2. 

On  decomposition  with  hydrochloric  acid  the  a-  and  /3- 
mixed  tetrammines  give  only  a-diammines,  but  whereas  the 
mixed  a-tetrammine  yields  a mixture  of  [Pt2NH3Cl2]  and 
[Pt2pyCl,],  the  /3-tetrammine  furnishes  [PtNH3pyCl2].  To 
explain  these  reactions,  Drew,  Pinkard,  Wardlaw,  and  Cox 
suggest  that  the  four  links  between  the  associating  units  and 
the  platinum  atom  are  differentiated  into  two  equivalent  pairs 
which  function  independently. 


A 

/ \ 

NH,  NH3 

/ \ 

NH,  py 

^ 1/ 

Pt 

Cl. 

Pt 

7^  \ 

71  \ 

py  py 

NH3  py 

V 

V 

a-tetrammine  /3-tetrammine 


The  a-  and  /3-diquinolinoplatinous  dichlorides  have  also  been 
prepared,  and  show  substantial  differences  in  chemical  and 
physical  properties  (Cox,  Saenger  and  Wardlaw,  1932).  Chelating 
diamines  have  been  applied  to  the  stereochemical  problem  of 
bivalent  platinum.  Ethylenediamine  (en)  gives  the  product 
[PtenCl2],  first  recorded  by  Jorgensen  in  1889,  and  re-examined 
recently  by  Drew  (1932).  On  addition  of  suitable  bases  this 
salt  [PtenCl2],  which  corresponds  with  the  /3-diamminoplatinous 
dichloride,  gives  rise  to  tetrammines  [Pt2en]Cl2  and  [Pten2NH3]Cl2. 
The  former  of  these  two  tetrammines  undergoes  decomposition 


102 


with  hydrochloric  acid  to  give  a complex  chloride  which  forms 
the  reel  platinoehloride  (I),  and  on  treatment  with  caustic  soda 
this  salt  (I)  undergoes  ring  closure,  giving  rise  to  the  sub- 
stance (II). 


NH, 


NH, 


/ \ 

c2H4  Pt  c2h4 


NH, 


Cl 


Cl 


NH, 


NaOH 


PtCl4 


NH,  NH, 


/ \J  t/ 

Pt 


+ 


PtCl4 


II. 


Drew  regards  these  reactions  as  evidence  that  the  electric 
charges  on  the  cation  are  located  on  the  nitrogen  atoms.  As 
already  noticed  with  nickel  and  with  bivalent  silver,  2 : 2'-dipvridvl 
furnishes  a powerful  chelate  group,  which  when  applied  to 
platinous  chloride  gives  two  differently  coloured  chlorides 
having  a composition  corresponding  with  the  empirical  formula 
[PtdipyClJ,  but  at  present  it  is  uncertain  whether  the  two 
•compounds  are  isomeric  or  whether  one  is  allotropic  to  the 
other.  With  ammonia  and  ethylenediamine  they  both  give 
respectively  the  same  mixed  tetrammines  [Ptdipy2NH3]Cl2,2H20 
and  [Ptdipyen]Cl2,2H,0.  With  chlorine  these  two  tetrammines 
undergo  oxidation,  forming  the  following  platinic  compounds 
[Cl2Ptdipy2NH3]Cl2,xH20  and  [Cl2Ptdipyen]Cl2,xH20  (Table 
XXIV,  unpublished  work). 

Recent  researches  on  platinammines  have  led  to  considerable 
discussion  regarding  the  structure  of  the  co-ordination  compounds 
of  bivalent  platinum,  and  as  to  whether  the  associating  units  in 
these  derivatives  are  co-planar  or  arranged  tetrahedrally. 
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Meanwhile  Reihlen  in  1931  claims  to  have  effected  the  optical 
resolution  of  the  following  salts: — 


Me2C — NH,  NH..-CH, 

\ 1/ 

Pt 

• HgC — NH2  NH, — CMe2 


X, 


and 


thus  demonstrating  the  presence  of  a tetrahedral  arrangement 
in  certain  compounds  of  4-covalent  bivalent  platinum.  On 
the  other  hand,  Cox  in  1932  by  X-ray  analysis  of  the  tetrammine 
[Pt4NH3]Cl2,H20  has  found  that  there  is  a co-planar  arrangement 
of  the  ammonia  molecules  round  the  platinum  atom.  Moreover, 
he  concludes  that  the  two  complex  ions  in  the  green  salt  of 
Magnus  [Pt4NH3][PtCl4]  also  display  planar  configurations. 
Dickinson  (1922)  had  already  indicated  a planar  structure  for 
the  ion  [PtClJ"  in  potassium  platinochloride.  It  seems  probable 
that  with  bivalent  platinum  compounds  the  arrangement  of  four 
associating  units  may  be  either  co-planar  or  tetrahedral,  depending 
on  the  nature  of  the  complex.  (Compare  with  nickel,  v.  supra). 
A co-valency  of  six  has  been  suggested  by  Tschugaev  (1915  and 
1916)  for  bivalent  platinum  in  the  following  complexes 

[Pt,  2CH3-CN,  4NH3]C12  and 

r /NH'NHa  ' 1 

(CH3-NC)4Pt/  ^Pt  (CN  CH3)4  X2,nH20. 

L '\nh2-nh/  J 

The  simpler  compound  contains  acetonitrile;  the  binuclear  one 
includes  methylcarbylamine. 

Tridentate  groups,  which  occupy  three  positions  in  the  co- 
ordination complex,  have  also  been  combined  with  platinum 
salts.  The  base  a/3y-triaminopropane  has  been  employed  by 
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F.  G.  Mann  (1926  and  1928)  in  preparing  the  piatinous  salt  (I) 
and  the  corresponding  compound  of  quadrivalent  platinum. 


Cl  NH,-CH, 


Pt 


\ 


Cl  NHjj-CH* 


CHo-NHoCl 


I. 


ch2-nh2 


Nj  1/ 


nh2-ch2 


CH-NH,  ->Ft<-  NH2-CH 


ch2-nh2  nh2-ch2 


II. 


If  in  compound  I there  is  a five-membered  chelate  ring  one 
carbon  atom  (marked  with  asterisk)  should  become  asymmetric. 
This  was  proved  to  be  the  case  by  the  resolution  of  the  salt  into 
optically  active  components. 

The  complex  salt  II  also  obtained  by  Mann  illustrates  the 
behaviour  of  a/3y-triaminopropane  as  a tridentate  group.  This 
salt  is  another  example  of  co-ordination  number  6 for  bivalent 
platinum. 

The  triamine,  2:2' :2"-tripyridyl  (bis-2-pyridyl-2 : 6-pyridine 
= tripy)  combines  with  piatinous  chloride  to  form  successively 
the  salt  I and  the  complex  II;  the  former  dissolves  in  ammonia 
to  yield  salts  III  and  IV;  the  chloride  loses  ammonia  to  give 
the  soluble  salt  V which  on  chlorination  passes  into  the  6-co- 
valent  derivative  VI  of  quadrivalent  platinum  (unpublished 
research) . 

Table  XXIV 


T wo  chlorides 


= dipy  C2H4(NH2)2 


[Ptdipy  Cl2]x 

1/  \ 


en. 


[Pt,  dipy,  2NH3]  C12,2H20  [Pt,  dipy,en]  Cl22HaO 

V V 

[Cl,  Pt.dipy,  2NH3]C1,xH,0  [Cl2Pt,  dipy,  en]Cl2xH,0 

(Morgan  and  Burstall,  1 933 -) 


IV  j 111 


[Pt,  tripy,  C1]C1,  3H2Q 


V 


(Pt,  tripy  Cl3]  Cl, H20 
VI 
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Such  platinic  salts  probably  possess  an  octahedral  distribution 
of  associating  units  in  the  co-ordination  complex,  for  in  1917 
Werner  succeeded  in  resolving  salts  [Pt3en]X4  into  optically 
active  enantiomerides. 

These  observations  on  co-ordination  compounds  of  platinum 
may  serve  to  show  that  one  aim  of  contemporaneous  research 
in  inorganic  chemistry  is  to  increase  our  knowledge  of  the  spatial 
configuration  of  compounds  containing  elements  other  than 
carbon.  Occasionally  organic  associating  units  are  implicated, 
but  these  are  used  chiefly  as  flag  labels,  the  main  point  of  interest 
is  the  central  metallic  or  metalloidal  element  of  a co-ordination 
complex. 

Another  significant  tendency  is  the  search  for  new  variations 
manifested  by  elements  in  their  habits  of  combination.  These 
variations  have  an  important  bearing  on  subatomic  structure 
and  on  the  grouping  of  planetary  electrons.  I have  also  referred 
to  our  wider  conceptions  of  isomorphism  when  based  on  the 
principle  of  co-ordination. 

A few  years  ago  one  of  our  former  Presidents  raised  the 
question — “What  has  become  of  inorganic  chemistry?”  The 
answer  surely  is  that  it  is  still  a progressive  and  rapidly  growing 
section  of  our  science.  I am  glad  to  add  that  there  are  evident 
signs  of  a renewed  interest  in  this  branch  of  chemical  research 
among  British  chemists. 

We  have  been  told  recently  by  a high  authority  that  the 
Universe  is  the  dream  of  a pure  mathematician,  but  I would 
urge,  with  no  less  reverence  and  with  equal  cogency,  that  a survey 
of  natural  phenomena  shows  that  Nature  is  the  chemical 
laboratory  of  a great  chemist,  in  which  we  ourselves  play 
several  parts,  sometimes  as  technical  assistants  and  sometimes 
as  reagents. 


It  is  my  pleasant  duty  to  thank  very  cordially  the  following 
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Dr.  J.  Newton  Friend. 

Collection  of  rare  minerals  and  salts  of  rare  earth  metals.  (Ab- 
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Professor  C.  S.  Gibson. 

Gold  compounds. 
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